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Abstract
The proteasome establishes protein homeostasis by selectively degrading cellular proteins. There are two
main prerequisites for a protein to be selected for proteasomal degradation: a ubiquitin tag covalently
attached to the protein and a disordered region within the protein. The ubiquitin tag localizes the protein
to the proteasome, which then engages it at the disordered region to feed it into the proteolytic particle for
degradation. Here we ask how the proteasome avoids the degradation of its own subunits, which are by
de�nition localized to the proteasome, and thus ensures the integrity of this essential proteolytic
machine. We found that though many proteasomal subunits have disordered tails, these tails are
composed of amino acid sequences that escape recognition by the proteasome, even when they are not
able to reach the translocation channel.

Introduction
The proteasome is a multi-subunit protease that controls the concentrations of thousands of proteins. It
is abundant in the nucleus and cytosol of all eukaryotic cells, where it clears misfolded and damaged
proteins as part of the stress response, degrades regulatory proteins to control cellular processes, and
processes foreign proteins as part of the adaptive immune response1–3.

The proteasome itself consists of at least 33 different polypeptides that form a 2.5 MDa complex4. It is
composed of a cylindrical 20S core particle, which contains the proteolytic sites, and a 19S regulatory
particle, which contains ubiquitin-binding sites, enzymatic sites that remove ubiquitin chains, and a ring
of ATPase subunits that function as the substrate translocation motor4. The regulatory particles dock on
either end of the core particle to form the functional 26S proteasome. The proteolytic sites exist as three
pairs, one with chymotrypsin-like sequence preferences, one with trypsin- like preferences, and one with
caspase-like preferences5. Working together, these proteases can cleave effectively any amino acid
sequence. However, the proteolytic sites are located on an internal surface of the core particle and thus
only accessible through a roughly 55 Å long translocation channel that starts at the surface of the
regulatory particle and runs along the long axis of the proteasome. Access to the channel is controlled by
the ring of ATPase subunits in the regulatory particle and a ring of loops some 35 Å down the channel
from its entrance are thought to engage the substrate and drive it to the proteolytic sites.

Proteins are typically targeted to the proteasome by the covalent attachment of several copies of the
small protein ubiquitin6,7. The ubiquitin tags in turn are recognized by proteasome subunits that serve as
substrate receptors. In many cases the localization of a protein to the proteasome su�ces to induce its
proteolysis8,9. Degradation initiates when the proteasome engages the substrate at a disordered region
in the substrate, translocates its polypeptide chain down the channel to the proteolytic sites in the interior
of the complex, unfolding the substrate in the process. Thus, proteins are degraded when they are bound
to the proteasome in a manner that allows the proteasome to engage the proteins at a disordered
region2,4,10,11.
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The proteasome destroys target proteins while it itself remains stable and persists in the cell with a long
half-life (e.g.,16 h in immortalized MEFs and about two weeks in rat liver)12–14. Proteasome subunits
are localized on the proteasome by de�nition and many of them contain disordered regions. These
regions perform regulatory roles and contain a multitude of post-translational modi�cations or form
binding sites for proteasome interacting proteins (PIPs)15–17. Thus, with the two requirements for
proteasomal degradation ful�lled, the question arises how the proteasome subunits themselves escape
destruction.

Here we �nd that the integrity of subunits is ensured by preventing the proteasome from initiating
degradation on these polypeptide chains. Some subunits lack disordered regions or their disordered
regions are buried within the proteasome complex (or possibly by binding partners). However, where
subunits do have exposed disordered regions, they are constructed from an amino acid sequence that
fails to be recognized by the proteasome and thus prevents it from initiating degradation. This appears to
apply even for disordered regions that are placed too far from the entrance to the degradation channel to
be engaged effectively.

Results
Several proteasome subunits contain disordered regions

Proteasomal degradation begins at disordered regions within proteins. Regions within several subunits of
the regulatory particle are not de�ned in the recent high-resolution structures of yeast proteasome (e.g.,
PDB 6FVT, and 6FVU), suggesting that these regions are disordered18. For example, six of the non-
ATPase subunits end in stretches of 20 residues or more that lack a de�ned structure (Table 1). We �rst
asked which of these tails, if any, were long enough to reach the entrance of the translocation channel
and thus could make the proteasome susceptible to accidental self-digestion and destruction.

We built a complete atomic model of the yeast proteasome based on recent high- resolution structures
(PDB 6FVT and 6FVU) and added the unresolved residues in the tails using homology modeling. The tail
structures were built by assembling amino acids in random order from di-peptide conformations found in
a library of non-redundant high- resolution protein structures19,20 (see Methods, Fig. 1A, and
Supplementary Data 1). The length of the assembled tails was calculated as the distance between the
Cα atom of the last resolved residue at one end of the sequence and the Cα atom at the other end of the
tail (Supplementary Fig. 1A). We also calculated the direct through-space distance as the shortest
possible connection between the Cα atom of the last resolved residue and entrance to the translocation
channel (Supplementary Fig. 1B). The ratio of these two distances provides some measure of the
likelihood of a tail reaching the entrance to the translocation channel: the larger the ratio, the more likely
the tail can reach the channel entrance, with 1.0 the theoretical threshold, though in reality, steric
constraints imposed by the rest of the proteasome structure could make the true threshold somewhat
higher than this (Fig. 1B). The C-terminal disordered tails of Rpn1, Rpn2, and Rpn13 are either too short or
too distantly located to reach the channel entrance (ratio of max tail length to distance from the
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translocation channel < 0.5 for Rpn2, Rpn13, and 0.7 for Rpn1, Fig 1B). On the other hand, the disordered
tails of some subunits were either long enough (Rpn10 ratio ≥ 1) or almost so (Rpn3, and Rpn8, ratio ≥
0.8) to reach the entrance of the translocation channel (Fig. 1B and Table 1).

We chose three subunits with disordered C-terminal tails to investigate further. We chose Rpn10 and 13
because they are substrate receptors and their binding partners become degraded routinely, suggesting
that they themselves might be susceptible to degradation. We chose Rpn3 because it is an essential
structural component of the proteasome complex and its disordered tail is potentially within reach of the
entrance channel. Finally, we focused on C-terminal tails because our experimental tools are better suited
for their analysis (see below).

Rpn13 escapes degradation because it does not access the translocation channel

The Rpn13 subunit is one of the three ubiquitin receptors; substrates bound to Rpn13 are degraded while
the receptor itself escapes. Although the last 23 amino acids of Rpn13 appear to be disordered, the
subunit is located apically, near the tip of the 19S regulatory particle, and unlikely to reach the entrance to
the substrate channel and the protein translocation motor (Figs. 1, 2A and Table 1). If Rpn13 escaped
degradation simply because of its location and failure to engage the motor, extending its C-terminus by
an arti�cial tail should lead to its destruction (Fig. 2B). To determine the abundance of Rpn13 and
derivatives, we attached a hemagglutinin (HA) tag to its N-terminus and expressed the protein in yeast
under the control of a GAL1 promoter from a CEN/ARS plasmid (Fig. 2B). As expected, HA-Rpn13 was
easily detected by western blotting (Fig. 2C). Indeed, attaching an arti�cial tail with a sequence that can
be recognized by the proteasome (Su9,21,22) to the C-terminus of HA-Rpn13 led to its degradation (HA-
Rpn13-Su9; Fig. 2C), whereas attaching a tail with a sequence that escapes proteasome recognition (HA-
Rpn13-SP2,21,22 ) allowed HA-Rpn13 to accumulate just as HA-Rpn13 without the additional tail (HA-
Rpn13; Fig. 2C).

Rpn13 with a suitable extended tail was degraded by the proteasome as it was stabilized by treatment
with the proteasome inhibitor MG132. Ubiquitination was not required for degradation, presumably
because as a proteasome subunit, Rpn13 is by default localized to the proteasome, even without a
ubiquitin tag (Fig. 2C, and Supplementary Fig 2A). Attenuating the �rst enzyme in the ubiquitination
pathway (ubiquitin-activating enzyme Uba1), by using a temperature-sensitive strain23, did not affect the
abundance of HA-Rpn13-Su9 (Supplementary Fig. 2A), whereas a substrate with the classic N-end
degron24,25, which depends on ubiquitination, was stabilized (Supplementary Fig. 2B).

The HA-tagged Rpn13 mutants were incorporated into the proteasome, at least in part, as they were
detectable by western blotting after immunoprecipitation of proteasome particle through a FLAG epitope
fused to Rpn11 (Supplementary Fig. 3). Degradation of Rpn13 with a tail (Rpn13-Su9) was not due to its
over-expression because integration of Rpn13-Su9 at its genomic locus (FLAG-Rpn13-Su9) and
expression from its native promoter also led to its degradation, whereas FLAG-Rpn13 without a tail as
well as with a tail that is not recognized by the proteasome accumulated (Fig. 2D).
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Thus, Rpn13 escapes degradation despite its location on the proteasome in the vicinity of the entrance to
the translocation channel because its unstructured region is too short to reach the entrance to the
channel and thus cannot be engaged by the proteasome.

Rpn10 and Rpn3 are protected by their amino acid sequence

The Rpn10 is another ubiquitin receptor and again substrates bound to Rpn10 are degraded while Rpn10
itself escapes. Rpn10 also contains a disordered region at its C- terminus and this tail is long enough to
reach the entrance of the translocation channel (Fig. 3A, Table 1). This raises the question how Rpn10
escapes degradation.

The proteasome has distinct preferences for the amino acid sequence of the polypeptide at which it
initiates degradation. If Rpn10 escaped degradation because its amino acid sequence masks it from
recognition, then replacing the relevant region with a sequence that can be engaged by the proteasome
should lead to Rpn10’s destruction. To test this model, we attached an HA-tag to the N-terminus of Rpn10
and constructed two further hybrid proteins by replacing Rpn10’s C-terminal tail (amino acids 243-268)
with a sequence recognized by the proteasome (Su921,22) or with a sequence that is ignored (SP221,22)
(Fig. 3B). Rpn10 and its derivatives were again expressed from a GAL1 promoter on a CEN/ARS plasmid
and their abundance determined by western blotting. HA-Rpn10 with its native tail accumulated but
replacing the tail with the Su9 sequence led to its degradation (Fig. 3C). It is unlikely that the
transplantation of the tail in itself caused Rpn10’s destabilization because the Rpn10 hybrid with a SP2
tail was stable (Fig. 3C). The Rpn10 degradation was by the proteasome and did not require
ubiquitination (Fig 3C, and Supplementary Fig. 2A). We observed similar protein levels of HA-Rpn10
mutants when expressed from Rpn10’s native promoter at its genomic locus (Fig. 3D). Thus, Rpn10
escapes degradation even though it is physically accessible to the proteasome’s proteolytic machinery
because it is constructed from a sequence that is not recognized by the proteasome.

Is the same mechanism used to ensure the stability of other proteasome subunits? Rpn3 is a structural
subunit of the regulatory particle and, just as Rpn10, it contains a disordered C-terminal tail that appears
to have the potential to reach the entrance to the translocation channel but remains stable (Fig. 4A).
Thus, Rpn3 may also escape degradation because the amino acid sequence of the tail is not recognized
by the proteasome. Indeed, HA-tagged Rpn3 was degraded by the proteasome when its C- terminal tail
(amino acids 478-523) is replaced with an effective initiation sequence (Su9; Fig. 4B and C) without the
need for ubiquitination (Supplementary Fig. 2A). HA- tagged Rpn3 with its native tail or with a tail that is
not recognized by the proteasome (SP2; Fig. 4B and C) remain stable. The Rpn3 and Rpn10 derivatives
were incorporated into the proteasome, at least to some extent, because they could be detected by
western blotting after immunoprecipitation of proteasome particle through a FLAG-tag Rpn11
(Supplementary Fig. 3). Thus, Rpn3 too is protected from degradation by the amino acid sequence of its
C-terminal tail. 

Unstructured tails of proteasome subunits are not e�cient initiation sequences:
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As Rpn10 and Rpn3 are protected from degradation because the relevant part of their polypeptide chain
is not recognized by the proteasome’s translocation machinery, we asked whether other subunits are also
constructed from sequences with similarly stealthy properties? To address this question, we fused the
disordered regions from the C-termini of regulatory particle subunits that were at least 20 amino acids
long to a model proteasome substrate and tested its degradation by the proteasome in cells. The model
proteins were built on a yellow �uorescent protein (YFP) scaffold to simplify their detection in yeast and
an N-terminal ubiquitin-like domain (UBL) of Rad23 to target to the proteasome. Rad23 is a non-
stoichiometric proteasome subunit that associates with the regulatory particle through its UBL domain22.
The UBL-YFP fusion proteins were not degraded in yeast unless a disordered region was also present in
the proteins to allow the proteasome to initiate degradation (Fig. 5A)22. We attached the disordered
regions derived from regulatory particle subunits to the C-terminus of the UBL-YFP fusion proteins and
expressed these proteins together with a red reference protein from a CEN/ARS plasmid in yeast driven by
TPI1 and PGK1 promoters, respectively. The yellow �uorescence of each cell, relative to its red
�uorescence, determined by �ow cytometry, served as a reliable measure of model substrate’s
proteasomal degradation22.

A UBL-YFP protein with a tail that is recognized by the proteasome was degraded so e�ciently that YFP
�uorescence was as low as background (Su9 in Fig. 5A). Degradation is due to the proteasome and is
attenuated by proteasome inhibitor (Supplementary Figure 4A). In contrast, a UBL-YFP protein with a tail
that is not recognized by the proteasome accumulates so that cells �uoresce many-fold over background
(SP2 in Fig. 5A). The tails derived from the C-termini of regulatory particle subunits accumulated to more
than 30-fold over background, suggesting that these polypeptide sequences avoid recognition by the
proteasome (Fig. 5A). The constructs with the C-terminal disordered regions of Rpn3, Rpn10 and Rpn13
were the most stable proteins, and as stable as the test substrates without a tail (Fig. 5A). Interestingly,
the C-terminal tail of Rpn2, and Rpn13, which does not seem to be able to reach the entrance pore, also
escaped proteasome recognition. Moreover, even two copies of the disordered region of Rpn13 (or Rpn8,
the shortest of the tails) escape recognition by the proteasome (Supplementary Fig. 4B). Thus, these
proteins appear to be protected by two mechanisms: physical (the tails are too short to reach the
channel) and chemical (even when the sequences can reach the entrance to the degradation channel,
their amino acid sequence prevents recognition).

In addition to terminal-mediated degradation, the proteasome can initiate degradation from an internal
region in a protein21,26. In fact, the proteasome subunit Rpn1 contains a large disordered loop (amino
acids 626-735). To mimic a proteasome substrate with an internal disordered loop with both ends
anchored in a folded domain, we attached the internal Rpn1 loop sequence to UBL-YFP and fused a BFP
domain to the C-terminal end of the polypeptide. The proteasome was not able to initiate degradation at
the Rpn1 loop or a negative control (SRR), even though a control sequence derived from a natural
proteasome substrate (Spt2327 ) allowed degradation (Fig. 5B). In summary, all the disordered region of
subunits in the proteasome cap tested here have sequences that resist degradation.

Impact of degradation of essential proteasomal subunit Rpn3
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Finally, we asked whether the protective proteasome sequences we discovered are important
physiologically. Rpn3 is a structural component of the proteasome complex and essential for proteasome
function and thus cellular viability. Therefore, it may be necessary for Rpn3 to have a disordered
sequence that is proteasome resistant in vivo. If so, expression of Rpn3 in which the degradation
resistant sequence is replaced by a sequence that allows recognition should compromise the integrity of
the proteasome and thus cell viability.

We tested this hypothesis by inserting either an e�cient proteasome engagement sequence (HA-Rpn3ΔC-
Su9) or an ine�cient engagement sequence (HA- Rpn3ΔC-SP2) at the C-terminus of Rpn3 and predicted
that the Su9 tail would cause loss of cell viability when the mutant subunit is not covered by a wildtype
copy in the genome, whereas the SP2 tail would support viability. The constructs were carried on
centromeric plasmids in cells with a heterozygous deletion of RPN3 at the chromosomal locus (strain
CMY 3749, Supplementary Table 1) and cell viability was determined by sporulation followed by tetrad
analysis (see Methods). Deletion of RPN3 was con�rmed to be lethal, with the exception of a single viable
spore, (see comments below). Viability was restored by a plasmid expressing HA-Rpn3 with the native C-
terminus (strain CMY 3751) and we recovered 38 viable rpn3Δ spores carrying the plasmid (Table 3).
Neither the empty vector (strain CMY 3750) nor the vector expressing HA-Rpn3ΔC-Su9 supported cell
viability, although we again recovered a single viable rpn3Δ spore, this time carrying the HA-Rpn3ΔC-Su9
plasmid. In contrast, we recovered 20 viable rpn3Δ spores carrying the plasmid expressing HA-Rpn3ΔC-
SP2. The unexpected observation of viable spores whose nominal genotype should not allow the
accumulation of Rpn3 is probably the result of chromosome mis-segregation events. It is known that the
proteasome is responsible for the degradation of chromosomal cohesins and therefore has a direct role
in faithful chromosome segregation28. Therefore, proteasome impairment leads to higher rates of mis-
segregation. In summary, we conclude that the native C-terminus of Rpn3 seems to have evolved to resist
proteasomal degradation and ensure proteasome integrity and thus function.

Discussion
The half-life of proteins can vary from minutes to days in cells. Regulatory proteins have short half-lives,
whereas structural proteins and large multi-subunit protein complexes such as the proteasome have
longer half-lives29,30. The assembly of large multi-subunit protein complexes is a signi�cant challenge
and requires the coordination of synthesis of subunits that at times may not fold into their native
structures until late in the assembly process. The subunits have to be present at the correct stoichiometry,
with unassembled supernumerary subunits cleared from the cell to avoid unwanted unbalanced activity
or other toxic effects31,32. For this reason, the expression and assembly of proteasomal subunits is
orchestrated, and the transcription of most subunits and the assembly chaperones is regulated by a
common transcription factor, Rpn4 in yeast and Nrf1 in mammalian cells; activity of these transcription
factors in turn is �nely tuned33–36.

Proteasome subunits have noticeably long half-lives. Proteasome activity is tuned by post-translational
modi�cations, proteasome autophagy (also referred to as proteophagy), and by the reversible
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sequestration of assembled particles into granules37,38. During some forms of cellular stress such as
glucose starvation and in aged non-dividing yeast cells, proteasome particles accumulate in the
cytoplasm to form cytosolic granules called proteasome storage granules (PSGs) to escape
autophagy39–42. The PSG formation appears to enhance resistance to genotoxic stress and upon
glucose replenishment the granules dissolve rapidly and the proteasome particles become functional
again41,43. Only under more extreme conditions such as sustained nitrogen starvation in S. cerevisiae
and Arabidopsis or amino acid starvation in mammalian cells do proteasome particles undergo
proteophagy, which leads to disassembly of the particles and proteolysis of the subunits into their amino
acid components44–47.

The proteasome is a powerful protease with broad speci�city, able to degrade effectively any protein,
native or foreign. Most proteins are targeted for proteasomal degradation by ubiquitin tags and their
primary role seems to be to localize the target protein to the proteasome. Ubiquitin-binding to the
proteasome can stimulate its ATPase activity48, but localization to the proteasome is generally thought
to be su�cient to induce protein degradation8,9. This raises the question as to how proteasome subunits,
especially those located close to the entrance of the proteasome’s substrate channel, such as the
substrate receptors themselves, escape degradation.

Proteasome degradation requires the presence of a disordered region in a substrate to allow the
proteasome to initiate degradation. Thus, it would in principle be possible to construct the proteasome
from subunits that lack disordered regions. However, these intrinsically disordered regions often play
important regulatory roles as the sites of post-translational modi�cations and interaction sites for binding
partners49–51. Indeed, this is also the case for the proteasome15–17. Thus, the proteins that form an
integral part of the proteasome complex are constantly exposed to the risk of being pulled into the
degradative machinery and destroyed. Degradation of individual subunits would compromise the
functional integrity of the proteasome and may even lead to disassembly if the particular subunit
degraded plays a structural role. The proteasome is large and highly abundant so that synthesis of the
subunits also sequestrates substantial resources in terms of energy and precursors52. Therefore, it is
particularly expedient to prevent the churn of proteasome subunits.

Here we �nd that accidental self-disassembly by the proteasome is achieved by constructing disordered
regions of subunits from amino acid sequences that are only poorly recognized by the proteasome. This
strategy has been observed for other proteins, such as the ubiquitin conjugating enzyme Cdc34, which
catalyzes its own ubiquitination on a long, disordered tail when overexpressed. The amino acid sequence
of this tail is heavily biased and negatively charged and the proteasome is unable to initiate degradation
on the tail53,54. Similarly, the UBL-UBA protein Rad23 binds to the proteasome through its UBL domain
yet the proteasome fails to initiate degradation at any of the several disordered linkers present throughout
Rad23, either because these linkers are too short to allow the proteasome to interact with them effectively,
or because their amino acid sequence again resists proteasomal recognition53,55. Some subunits are
placed far from the entrance to the degradation channel so that the proteasome seems physically
prevented from reaching them and initiating degradation (e.g. Rpn2 and Rpn13). However, even in these



Page 9/25

cases the tails are constructed from sequences that cannot be recognized by the proteasome (Fig 2A, B
and 5A).

It is possible that some subunits contain disordered regions that are buried by an interaction with other
subunits and thus not accessible to initiate degradation. In human cells, the C-terminal tail of Rpn10
might be masked by an interaction with the E3 ligase E6AP56 and the C-terminus of Rpn13 might be
rendered inaccessible by its interaction with the deubiquitinating enzyme Uch37/ UCHL557–59. A similar
mechanism was proposed to stabilize Mdy2. The Mdy2 contains a UBL domain �anked by a disordered
region, but this region is masked by its binding partner Get4. Deletion of Get4 from the cell exposes the
disordered region of Mdy2 that leads to its degradation60. Other possibilities are that ligand removal
exposes an originally buried region that can target the protein for proteasomal degradation in vitro61 or,
as is the case for Retinoblastoma protein (Rb), that calpain cleavage exposes a sequence that can be
recognized by the proteasome62.

In summary, we �nd that proteasomal subunits have evolved to adopt several strategies described above
to protect themselves from self-destruction. We have shown how the proteasome and likely similar other
compartmentalized proteases escape proteasomal degradation by deploying mechanisms that prevent
the protease from initiating degradation on its own subunits.

Methods
Modeling of unstructured tails in the 26S proteasome

Complete atomic models of the proteasome were built using homology modeling software developed in-
house. Models were constructed using the recent cryo-electron microscopy structures of the yeast 26S
proteasome as starting points (PDB: 6FVU and 6FVT)18. A number of residues are unresolved at the N-
and C-termini of many of the 47 protein chains. Missing residues were therefore built as follows. First, a
putative conformation of the single internal loop region that was not resolved in the structures – that of
residues 635 to 698 in Rpn1 – was added using the program Loopy63. Each tail was then constructed
using libraries of two-residue fragments extracted from a non- redundant list of high-resolution protein
structures available in the PDB (http://www.rcsb.org;19 and compiled by the PISCES server (on 16 May
2019)20. A total of 6791 protein chains solved at a resolution of 1.6 Å or better, with percent identities of
50 % or lower, and with R-factor values of 0.25 or better was downloaded. Libraries of conformations
were then assembled for all 400 (20 x 20) possible two-residue fragments by extracting their coordinates
from each of the 6791 protein structures. During the construction of these libraries, candidate two-residue
fragments were eliminated from consideration if either residue had an assigned occupancy less than 1.0,
if the two residues were not contiguous in sequence, if their Cα-Cα distances exceeded 4.0 Å, or if they
included either the �rst or last residue in the protein chain. Finally, since the proteasome tails are
considered to be predominantly unstructured, the coordinates of candidate two-residue fragments were
only retained if both residues were determined to be adopting “coil” conformations. This was determined
by �rst running the secondary structure analysis program dssp64 on each protein chain in the library;
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dipeptides were then rejected if either of the two residues were given the following secondary structure
assignments: H (helix), E (sheet), B (beta-bridge), or G (3,10-helix).

Having constructed libraries of conformations for each possible dipeptide, the N- terminal and C-terminal
tails were built in stepwise fashion by progressively superimposing conformations sampled from the
libraries. For example, to construct the C-terminal tail of Rpn5 (uniprot ID Q12250), whose last 5 residues
are unresolved in the 6FVU pdb �le, we proceed as follows. The sequence of the last 6 residues in the tail
is HGLQAK with H440 being the last of the resolved residues in the chain. To build coordinates for the
next residue in the chain, G441, a conformation of the two-residue fragment HG was randomly selected
from its library, the backbone heavy (i.e. non- hydrogen) atoms of the H residue were superimposed on to
those of H440, and the resulting coordinates of the accompanying G residue were accepted and added to
the growing chain if: (a) none of its heavy atoms was within 1.75 Å of any previously placed heavy atom
in the entire 26S proteasome, and (b) if the RMSD of the four superimposed backbone heavy atoms was
<0.25 Å. If both conditions held, the conformation of G441 was accepted and the process was repeated
with the aim of adding L442 by sampling conformations of the two-residue fragment GL and
superimposing the backbone heavy atoms of the G residue as before. If, however, either condition was
not met, a different conformation of the two-residue fragment HG was randomly selected and the
procedure repeated. For each new residue to be added a maximum of 50 attempts was allowed; if no
acceptable conformation could be found then all coordinates of the tail that had been constructed thus
far were discarded and the process of growing the tail was begun again. In the unlikely event that the
total number of failed attempts to build the tail exceeded 10,000 the tail was extended by one residue, by
eliminating the last structured residue, and the process was repeated.

For all of the different constructs considered in this work a total of 100 different models of the entire 26S
proteasome was constructed. In each individual model, the tails were built in a randomized order to
ensures that there is not a systematic bias in some chains being allowed greater access to the
proteasome interior through always being the �rst to be placed. Once constructed, the end-to-end length
of each unstructured tail was recorded as the distance between the Cα atom of the last resolved residue
at one end of the tail and the N- or C-terminal Cα atom at the other end of the tail. In addition, the distance
between the Cα atom of the last resolved residue and a site roughly centered in the middle of the entrance
to the ATPase ring was measured. Comparison of these two distances allows a rough estimate to be
gained of the ease with which the unstructured tail might, in principle, be able to reach to the ATPase ring.
We note that a more direct estimate could, in principle, be obtained by attempting to build conformations
in which each tail of interest explicitly terminates at the entrance to the ATPase ring. While possible in
principle, building such conformations in a way that does not incur some kind of steric clash with the
remainder of the proteasome structure would be a very formidable undertaking.

Expression constructs for proteasome subunits and other proteins

The coding sequences of S. cerevisiae proteasomal subunits (Rpn3, Rpn10 and Rpn13) were cloned into
CEN/ARS plasmid. Hemagglutinin (HA) tag was attached to the N- terminus by a linker (GS). The
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unstructured C-terminus of Rpn3 and Rpn10, was replaced by the Su9 or SP2 sequence (Fig. 3B and 4B
and Supplementary Table 2). The initiation regions were derived from subunit 9 of the Fo component of
the N. crassa ATPase (Su9) and a peptide region 2 of in�uenza A virus M2 protein (SP2)22. The internal
initiation sequences were derived from Spt23 (645-695) and serine-rich region derived from herpes virus 1
ICP4 (SRR). HA-tagged proteasomal subunits and their derivatives were expressed from an inducible
GAL1 promoter.

The �uorescence substrates were expressed from a constitutive triosephosphate isomerase (TPI1)
promoter and a reference �uorescence protein (dsRed express 2) was expressed from a phosphoglycerate
kinase 1(PGK1) promoter on a CEN/ARS plasmid22. The UBL domain of S. cerevisiae Rad23 was fused
to the yellow �uorescent protein (YFP) by a linker sequence (VDGGSGGGS), and the C-terminal tails
derived from the unstructured region of proteasomal subunits; Su9 and Sp2 sequences were attached to
YFP by a short linker sequence (PR) (Supplementary Table 3)22.

Yeast transformation and growth

Expression plasmids were transformed into S. cerevisiae strains (Supplementary Table 1) using the
Frozen‐EZ Yeast Transformation II Kit (Zymo Research) and selected on SD -Uracil agar plates
supplemented with 2 % glucose.

The expression of N-terminally HA-tagged Rpn3, Rpn10, Rpn13 and their derivatives was induced by
switching the growth media from SD -Uracil supplemented with 2 % ra�nose to 2 % galactose and
growing the cultures at 30 ˚C. For proteasome inhibition experiments, cells were treated with either DMSO
or 100 µM MG132 (Calbiochem) for 2 h before harvesting.

Western blot

Exponentially growing cells were harvested by centrifugation at 8,000 g for 30 s at 4 °C and pre-treated
with 2.0 M LiAc followed by 0.4 M NaOH for 5 min on ice. Cells were suspended in 100 μl of lysis buffer
(0.1 M NaOH, 0.05 M EDTA, 2 % SDS, 2 % β -mercaptoethanol) supplemented with protease inhibitor
cocktail (Millipore) and were incubated at 90 °C for 10 min. Cell lysates were neutralized by adding 4 M
acetic acid, incubated at 90 °C for 10 min and then cleared by centrifugation for 10 min at 16,000 g65,66.
The supernatant was resolved on SDS-PAGE and transferred to nitrocellulose membrane for Western
blotting.

HA-tagged proteasomal subunit derivatives expressed under the control of GAL1 promoter were probed
with anti‐HA antibody (Roche Life Science). Proteasomal subunit (3xFLAG-Rpn10 and 3xFLAG-Rpn13)
derivatives expressed from their native promoters were detected by a monoclonal anti‐FLAG antibody
(Cell Signaling). Endoplasmic reticulum membrane protein Scs2 served as the loading control and was
detected by an anti‐Scs2 polyclonal antibody (a gift from J. Brickner, Northwestern University). Alexa‐
680‐labeled goat anti‐rabbit antibody (Invitrogen) and Alexa‐800‐labeled goat anti‐ mouse antibody
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(Rockland Immunochemicals) were used as secondary antibody. Protein amounts were measured by
direct infrared �uorescence imaging (Odyssey LI- COR Biosciences). 

Flow cytometry

Yeast cells were grown in SD -Uracil supplemented with 2 % glucose at 30 °C to early log phase. The
�uorescence signals of RFP (dsRed express2) and YFP were measure using an LSR Fortessa (BD
Biosciences). The data was analyzed using FlowJo software (BD Biosciences) to calculate median YFP
over RFP �uorescence ratio of at least 10,000 cells from each population. Each assay was repeated at
least three times.

Yeast genetics

To express RPN10 and RPN13 genes from their native promoters, coding regions of RPN10 and RPN13
genes in pdr5∆ cell (Supplementary Table 1) were replaced with N-terminal 3xFLAG-Rpn10 and 3xFLAG-
Rpn13 with native or modi�ed C-terminus using homologous recombination. The His3MX marker was
used for positive selection. All the constructs were con�rmed by Sanger sequencing.

In vivo functional tests of modi�ed Rpn3 C-terminal tails were performed in diploid yeast with one copy of
the RPN3 gene deleted (Transomics technologies)67. For tetrad analysis, the diploid cells were sporulated
and individual spores isolated by microdissection68. Individual spore genotypes were determined by
replica-plating to the appropriate selective media.
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Tables
Table 1. Unstructured regions in proteasome subunits 

Subunit no of residues distance from translocation channel maximum tail length ratio

Rpn1 23 76.06 53.93 0.71

Rpn2 20 122.64 49.91 0.41

Rpn3 31 71.90 57.50 0.80

Rpn8 34 85.68 75.72 0.88

Rpn10 71 124.41 128.70 1.03
Rpn13 23 135.23 49.37 0.37

 Residues: only terminal disordered residues are shown

Tail length (Å): maximum length recorded between Cα atom of the last resolved residue of the proteasomal subunit (PDB 6FVT) and the C-terminal

Cα atom at the other end of the modeled unstructured peptide.

Distance from ATPase channel (Å): The distance between the Cα atom of the last resolved residue and a site roughly centered in the middle of the

entrance to the translocation channel.

Ratio: likelihood of a disordered tail reaching the translocation channel, ratio of tail length and distance from the channel.
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Figures

Figure 1

Proteasome subunits contain disordered regions that potentially reach the translocation channel (A)
Molecular modeling of unresolved regions of proteasomal subunits (PDB: 6FVU); for each unresolved tail,
one hundred different conformations are shown in red; all resolved residues are shown in blue. (B)
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Accessibility of C-terminal disordered tails of Rpn1, Rpn2, Rpn3, Rpn8, Rpn10, and Rpn13 (also see Table
1) to the translocation channel was calculated by taking the ratio of length of disordered regions (Å) as
calculated by molecular modeling and the distance of disorder region from the translocation channel (Å).

Figure 2

Rpn13 is protected as its unstructured tail is not accessible to the translocation channel (A) Molecular
modeling of the proteasome (PDB: 6FVU). One hundred different conformations of the C-terminal
disordered region of Rpn13 are shown in red; all other residues are shown in blue. (B) Schematic
representation of Rpn13 and its derivatives. The C-terminal tail of Rpn13 was extended by attaching Su9
and SP2 sequences (also see Methods and Supplementary Table 2). The length of the C-terminal
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disordered region of WT, Su9 and SP2 fusion of Rpn13 (Å) was calculated by molecular modeling (black
circles) and compared with the distance (Å) of disorder tail from the translocation channel (grey circles).
Pru: Pleckstrin-like receptor for ubiquitin domain. (C) The expression of HA-Rpn13 and its derivatives was
induced by switching the cells to galactose supplemented media, cells were treated with either DMSO or
100 µM MG132 for 2 hours. In vivo protein abundance was measured by immunoblotting for HA and
direct infrared �uorescence imaging. Scs2 serves as a loading control. Relative abundance was
calculated by �rst normalizing band intensity with loading control, and with DMSO treated Rpn13 with
native C-terminus. Error bars indicate mean ± standard deviations (S.D.). (D) The RPN13 genomic copy in
pdr5∆ cell was replaced by sequence encoding 3xFLAG-Rpn13 with native or extended tail (Su9 or SP2).
The cells were treated with either DMSO or 100 µM MG132 for 2 hours, and the protein level was
measured by immunoblotting for FLAG. Scs2 serves as a loading control. Relative abundance was
calculated by �rst normalizing band intensity with loading control, and with DMSO treated Rpn13 with
native C-terminus. Error bars indicate mean ± S.D.
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Figure 3

The sequence property of Rpn10’s unstructured region protect itself from self- destruction (A) Molecular
modeling of the proteasome (PDB: 6FVU). One hundred different conformations of the C-terminal
disordered region of Rpn10 are shown in red; all other residues are shown in blue. (B) Schematic
representation of Rpn10 and its derivatives. The C-terminus tail of Rpn10 is rich in glutamine amino acid
(poly Q). The C-terminal 243-268 amino acids were replaced by either Su9 or SP2 (also see Methods and
Supplementary Table 2). The length of C-terminal disordered region of WT, Su9 and SP2 fusion of Rpn10
(Å) was calculated by molecular modeling (black circles) and the distance (Å) of disorder tail from the
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translocation channel (grey circles) was compared. VWA: von Willebrand factor type A domain and UIM:
Ubiquitin Interacting Motif, (C) The expression of HA-Rpn10 and its derivatives was induced by switching
the cells to galactose supplemented media, cells were treated with either DMSO or 100 µM MG132 for 2
hours. Protein abundance was measured by immunoblotting for HA and direct infrared �uorescence
imaging. Scs2 serves as a loading control. Relative abundance was calculated by �rst normalizing band
intensity with lading control, and with DMSO treated Rpn10 with native C-terminus. Error bars indicate
mean ± S.D. (D) The RPN10 genomic copy in pdr5∆ cell was replaced by sequence encoding N-terminally
3xFLAG-tagged Rpn10 with native C-terminus or C-terminus (243-268) was replaced by Su9 or SP2. Cells
were treated with either DMSO or 100 µM MG132 for 2 hours and the steady-state protein level was
measured by immunoblotting for FLAG, Scs2 acts as a loading control. Relative abundance was
calculated by �rst normalizing band intensity with loading control, and with DMSO treated Rpn10 with
native C- terminus. Error bars indicate mean ± S.D.
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Figure 4

Rpn3 is protected by its amino acid sequence properties (A) Molecular modeling of the proteasome (PDB:
6FVU). One hundred different conformations of the C-terminal disordered region of Rpn3 are shown in
red; all other residues are in blue (B) Schematic representation of Rpn3 and its derivatives. The C-terminus
of Rpn3 (478- 523) was replaced by either Su9 or SP2 (see Methods and Supplementary Table 2). The
length of the C-terminal disordered region of WT, Su9 and SP2 fusion of Rpn3 (Å) was calculated by
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molecular modeling (black circles) and the distance (Å) of disorder tail from the translocation channel
(grey circles) was compared. PCI: Proteasome, COP9, Initiation factor 3 domain. (C) The expression of
HA-Rpn3 and its derivatives was induced by switching the cells to galactose supplemented media, cells
were treated with either DMSO or 100 µM MG132 for 2 hours. Protein abundance was measured by
immunoblotting for HA and direct infrared �uorescence imaging. Scs2 acts as a loading control. Relative
abundance was calculated by �rst normalizing band intensity with loading control, and with DMSO
treated Rpn3 with native C-terminus. Error bars indicate mean ± S.D.
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Figure 5

The unstructured tails of proteasome subunits are not e�cient initiation sequences (A) Unstructured C-
terminal tail of proteasomal subunits Rpn1 (963-993) Rpn2 (907- 945), Rpn3 (479-523), Rpn8 (309-338),
Rpn10 (189-268) and Rpn13 (132-156) were fused to C-terminus of model protein UBL-YFP. The dsRed
served as an internal control. The Su9 is an e�cient initiation region while SP2 is ine�cient initiation
region. Median YFP over RFP (dsRed) �orescent intensity from at least 10,000 cells was used to measure
in vivo relative abundance of fusion proteins. Error bars indicate mean ± S.D. (B) Internal unstructured
regions of Rpn1 (626-735), e�cient internal initiation from Spt23 (645-695), and ine�cient initiation
sequence SRR were fused between UBL-YFP and BFP. The dsRed served as an internal control. Median
YFP over RFP (dsRed) �orescent intensity from at least 10,000 cells was used to measure in vivo relative
abundance of fusion proteins. Error bars indicate mean ± S.D.
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