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ABSTRACT: The proteasome is the degradation machine at the
center of the ubiquitin-proteasome system and controls the
concentrations of many proteins in eukaryotes. It is highly
processive so that substrates are degraded completely into small
peptides, avoiding the formation of potentially toxic fragments.
Nonetheless, some proteins are incompletely degraded, indicating
the existence of factors that influence proteasomal processivity. We
have quantified proteasomal processivity and determined the
underlying rates of substrate degradation and release. We find that
processivity increases with species complexity over a 5-fold range
between yeast and mammalian proteasome, and the effect is due to

slower but more persistent degradation by proteasomes from more complex organisms. A sequence stretch that has been
implicated in causing incomplete degradation, the glycine-rich region of the NF«B subunit p105, reduces the proteasome’s ability
to unfold its substrate, and polyglutamine repeats such as found in Huntington’s disease reduce the processivity of the

proteasome in a length-dependent manner.

he proteasome is at the center of the ubiquitin-
proteasome system (UPS), which controls the concen-
trations of many proteins in eukaryotes. The proteasome is a
molecular machine of around 2.5 MDa and consists of
approximately 40 proteins, organized into a large barrel-shaped
structure.' > The proteolytic sites are buried deep within the
particle and are accessible only through a narrow channel such
that proteins have to be unfolded before they can be
degraded.'™ A ring of six ATP-dependent motor proteins,
called Rptl—6 in yeast, is located at the entrance of the
degradation channel and controls access."* The degradation
signal or degron in most proteasome substrates contains a
proteasome-binding tag such as a polyubiquitin modification
and an unstructured initiation region.>® The binding tags can
be recognized by several proteasome subunits, and the
initiation region is probably recognized by the motor
proteins.l’7 The motors engage the initiation region and then
translocate the substrate into the degradation chamber,
unfolding any structures that the proteasome encounters
along the way.*™"°
The proteasome is thought to be highly processive so that
substrate proteins are degraded completely into small
peptides.®'"'?
because it avoids the formation of potentially toxic protein
fragments. ATP-dependent proteases similar to the proteasome
control protein concentrations in bacteria and archaea.'® These

This processivity is important biologically
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proteases vary in their unfolding ability over several orders of
magnitude, and these differences may contribute to substrate
selection.'”'*™'¢ The eukaryotic proteasome is the most
processive of the ATP-dependent proteases analyzed so far.'?
Nonetheless, it degrades a handful of proteins only partially in
vivo: several transcription factors are converted into fragments
that have biological activities distinct from those of the full-
length proteins.'’~>* The molecular mechanism that causes this
partial degradation is poorly understood. Presumably, the
proteasome’s processivity depends on the resistance of a given
domain to unfolding, the mechanical capability of the motors,
and how well the proteasome holds on to the substrate during
degradation.'*™>'” Indeed, some evidence suggests that
domains that are able to resist unfolding stall the proteasome’s
progression along a substrate.'”** The sequence stretch just
preceding a folded domain also seems to play a role in inducing
processing or reducing processivity.ls’lg’zs’%

The first characterized example of processing was the
conversion of pl05 into the NFxB subunit pS0 as part of its
activation in mammalian cells.'” In p10S, a Rel homology
domain is followed first by a glycine-rich region (GRR) and
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Figure 1. Measuring the unfolding ability of the proteasome. (a) Schematic depiction of the substrate, which consists of an N-terminal DHFR
domain, followed by a barnase domain and finally a degron derived from the yeast Sicl protein at the C-terminus. Ubiquitinated substrate binds to
the proteasome and becomes either deubiquitinated with the rate constant ky.,; or degraded. During degradation, the barnase domain disappears

with the rate constant ky gfull length.

but the proteasome stalls at the DHFR domain. At this point the proteasome can either proceed to degrade DHFR

(kge gf“‘g) or release a DHFR fragment (k.8). The partitioning between the pathways is determined by the ratio of the rate constants for the two
processes. (b) Degradation of radiolabeled ubiquitinated full-length substrate (N-DHFR-barnase-degron-C; circles) by 40 nM yeast proteasome. No
detectable DHFR fragment (N-DHFR---C}; triangles) is formed. The amounts of full-length protein and fragment are shown as a percentage of the
ubiquitinated substrate presented to the proteasome at the beginning of the reaction. Error bars are the SEM from 3 experiments. (c) Degradation
assay as in panel b but in the presence of 500 uM NADPH. Approximately 35% of full-length protein that is degraded is converted to fragment. The
lower fragment band most likely arises from trimming of the initial fragment that is formed, which contains an unstructured tail in addition to the

DHFR domain. Error bars are the SEM of 15 experiments.

then the degron responsible for degradation. Presumably,
processing occurs when the proteasome encounters the folded
Rel homolog domain as the Rpt motors are interacting with
the GRR.18 The NF«B signaling pathway is not found in
yeast’® but can be reconstltuted by expressing the various
components from plasmids.””*® Surprisingly, the GRR is not
required for processing in yeast,>* suggesting there might be
differences in proteasomal processivity across eukaryotic
species.

Polyglutamine diseases may also provide an example of a
protein that changes the proteasome’s processivity. The most
common of this group of disorders is Huntington’s disease
(HD). HD is associated with the formation of an N-terminal
fragment of the Huntin t1n protein (Htt), which contains a
polyglutamine stretch.*”** Expansion of this repetitive amino
acid region to more than 35 glutamines correlates vnth earlier
onset of the disease.®’ The Htt fragment accumulates®> despite
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being ubiquitinated,>>** and this leads to cytotoxicity. There is

some evidence that protein fragments containing these
polyglutamine (polyQ) repeats resist degradation and may
even impede the UPS, perhaps by clogging up the
proteasome.>*~ g

Here we define the processivity of proteasomal degradation
quantitatively by measuring the rate constants with which the
proteasome progresses along a substrate and with which
partially degraded substrates are released. We find that the
processivity varies between species over an approximately S-
fold range, with the mammalian and frog proteasome being the
most processive, worm and yeast proteasome the least
processive, and fly proteasome in between. The higher
processivity of the mammalian proteasome is due to a roughly
15-fold slower substrate release rate compared to that for the
yeast proteasome, which is partially offset by a slower unfolding
rate. Thus, the mammalian proteasome has a slower, more
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careful, motor than the yeast proteasome. The GRR increases
fragment formation primarily by decreasing the ability of the
proteasome to move forward to unfold its substrate and not by
increasing substrate dissociation rates. Similarly, increasing the
length of a polyglutamine stretch progressively decreases the
processivity of the proteasome, which may at least in part
explain why Htt fragments accumulate in cells.

B RESULTS AND DISCUSSION

Measuring Proteasome Processivity. To investigate
proteasomal processivity, we followed the degradation of a
two-domain protein by proteasome purified from different
organisms. The substrate consisted of two domains fused to
each other and to a degron: an E. coli dihydrofolate reductase
(DHFR) domain at the N-terminus, followed by a barnase
domain, and then a degron derived from yeast Sic1®’ at the C-
terminus (N-DHFR-barnase-degron-C; Figure 1).'"> The
barnase domain is easily unfolded by the proteasome, whereas
the DHFR domain is considerably harder to degrade®'” and
can be further stabilized by the addition of ligands. The
substrate analog methotrexate (MTX) binds DHEFR tightly (K
~ 1 nM) and prevents its degradation by the proteasome,
whereas the cofactor NADPH binds less tightly (Kq &~ 1 uM)
and should stabilize DHFR to a lesser extent.**™*!

The substrate was synthesized by coupled in vitro tran-
scription and translation and ubiquitinated by the ubiquitin-
protein ligase (E3) Rsp3,®” and highly ubiquitinated forms were
purified. The ubiquitinated substrate was then presented to the
proteasome under single-turnover conditions, which means that
proteasome was present in great excess over substrate and each
proteasome complex likely degraded at most one substrate
molecule during the reaction. When the substrate binds to the
proteasome, it can either become degraded or become
deubiquitinated before the unfolding motors are fully engaged,
leading to dissociation.*” Degradation occurs sequentially from
the C-terminal degron through the proximal barnase domain
and then the N-terminal DHFR domain (Figure 1). When the
proteasome encounters the DHFR domain, the reaction
partitions between two branches. In the first branch, the
DHFR domain becomes unfolded, and the remainder of the
substrate is translocated into the proteasome and proteolyzed
with the rate constant kdegf“g. The process reflected by this rate
constant in principle includes unfolding, translocation, and
proteolysis steps, but it is dominated by its slowest step, the
unfolding reaction (see Supporting Information). In the second
branch, the DHFR domain together with the remainder of the
substrate dissociates from the proteasome irreversibly with the
rate constant k™ so that a partially degraded fragment is
released (Figure la). We define the unfolding ability or
processivity of the proteasome as the ratio of the two branches
of the reaction (U = kdegﬂ“g/ k. )."* This ratio can be
determined most easily from the end point of a degradation
reaction by comparing the amount of the full-length protein
that disappears (ie., all the protein for which at least the barnase
domain is degraded) to the amount of DHFR fragment formed
(U = (fraction barnase degraded/fraction DHFR fragment
released) — 1) (Figure 1)."2

In our degradation assays, the yeast proteasome was highly
processive, as we had expected, and it degraded the N-DHFR-
barnase-degron-C substrate completely without the formation
of any detectable fragments, except for a small fraction of full-
length protein that was deubiquitinated and therefore escaped
degradation (Figure 1b). Stabilizing the DHFR domain with
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500 uM NADPH stalled the proteasome’s progression such
that a third of the time the DHFR domain, together with a
small remnant of preceding sequence that had not yet been
degraded, dissociated and escaped degradation; the other two-
thirds of the time the substrate was degraded completely
(Figure 1c). This ratio of partitioning between the partial and
complete degradation corresponds to an unfolding ability U of
1.9 + 0.2 and is a direct measure of proteasomal processivity.

The Mammalian Proteasome Is More Processive than
the Yeast Proteasome. We next carried out this partitioning
assay with mammalian proteasome that had been afhinity-
purified from rabbit red blood cells (Figure 2). We found the
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Figure 2. The unfolding ability of proteasome from rabbit as well as
worms, flies, and frogs. (a,)b) Degradation of radiolabeled ubiquitinated
substrate (N-DHFR-barnase-degron-C; circles) by 10 nM rabbit
proteasome and the accumulation of partially degraded DHFR
fragment (N-DHFR---C’; triangles) in the absence (a) and presence
of 500 uM NADPH (b). The amounts of full-length protein and
fragment are shown as a percentage of the ubiquitinated substrate
presented to the proteasome at the beginning of the reaction. Error
bars are SEM of 3—4 experiments. (c) Unfolding ability for
proteasome prepared from different organisms as determined from
degradation reactions with radiolabeled ubiquitinated substrate.

mammalian proteasome to be ~5-fold more processive than the
yeast proteasome with an unfolding ability of U = 11 + 2
compared to U = 1.9 + 0.2 for the yeast proteasome (Table 1).
This difference in unfolding ability is surprisingly large
considering that the machines have been optimized for
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Table 1. Unfolding Abilities and Kinetic Parameters of Proteasomes from Different Species

Unaper” UNADPHb Ufreeb krelfmg (min_l) kdegﬁag (min_l) kdegfmgNADPH (min™") ATPase” (min_l)
yeast 19 + 02 23 + 04 £2+6 0.35 + 0.05 14.5 + 0.7 0.80 + 0.08 110 + 30
worms 19 + 0.1 ND4 ND4 ND¢ ND¢ ND4 ND¢
fly 76 +2 6.0 + 0.5 56+ 5 0.12 + 0.01 6.6 + 0.3 0.71 + 0.03 2745
frog ND¢ 9+ 1 110 + 10 0.028 + 0.002 31+01 0.26 + 0.01 16 +3
rabbit 11+1 9+ 1 140 + 20 0.021 + 0.002 30 + 02 0.19 + 0.01 2745

“From end points of single-exponential fits at low proteasome concentration. “From global fitting kinetic parameters to the model of Figure 1b.
“Measured in the absence of substrate. For rabbit proteasome, no difference in ATPase rate was detected in the presence of 1 #M ubiquitinated

substrate. “Not determined.

ostensibly the same purpose in both organisms and the amino
acid sequences of the motor subunits are approximately 60—
70% identical between yeast and mammals. To establish that
this difference is not simply an idiosyncrasy of the particular
substrate chosen, we reversed the order of the sequence
elements within the substrate, such that DHFR is degraded
from the N-terminus rather than the C-terminus. As the local
structure first encountered by the proteasome determines a
folded domain’s ability to resist degradation,® this reversed
substrate orientation effectively presents the proteasome with a
different structure to unfold. The mammalian proteasome was
much more processive (U = 29 + 7) than the yeast proteasome
(U = 2.0 £+ 0.2) from this direction as well (Supplementary
Figure 1).

Several observations suggest that this difference in
processivity reflects intrinsic properties of the proteasomes
and not the presence of processivity factors co-purified with
one proteasome but not the other or other defects in one of the
proteasome preparations. First, both yeast and mammalian
proteasome preparations contained comparable proportions of
singly and doubly capped core particles, with little if any free
core particle (Supplementary Figure 2a). Second, mass
spectroscopy analysis of the purified proteasomes showed
that both yeast and mammalian proteasomes contained similar
sets of known proteasome subunits and proteasome-associated
proteins such as Rad23 and Cdc48/p97 (Supporting
Information). Indeed, the yeast proteasome preparation
contained more additional associated proteins than the rabbit
proteasome, including members of the hsp20, hsp70, and
hsp104 chaperone families, which are not found associated with
the rabbit proteasome, suggesting that the yeast proteasome has
not lost any factors that might aid in unfolding or processivity
in the purification. Third, yeast proteasome preparation using
different conditions such as the higher salt washes used for
mammalian proteasome purification or affinity purification via a
different tag all consistently yielded yeast proteasome with
similar processivities, all significantly lower than that of
mammalian proteasome (Supplementary Figure 2b). Finally,
we mixed yeast proteasome with rabbit proteasome treated
with a proteasome inactivator (AdaAhx;L;-vinyl sulfone) to test
whether the rabbit proteasome preparation might contain a
processivity factor that could be transferred to the yeast
proteasome preparation. The yeast proteasome’s ability to
unfold the DHFR domain did not increase, although we cannot
rule out very slowly exchanged processivity factors (Supple-
mentary Figure 2c—g). Together, these observations suggest
that the processivities we measured reflect the proteasome
particles’ intrinsic abilities to unfold domains in their substrates.

Processivity of Proteasome from Other Species. The
observed difference in processivity between yeast and
mammalian proteasomes could be merely an idiosyncratic
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difference between the two proteasomes, or it could reflect the
result of an underlying evolutionary pressure for a more
processive proteasome in more complex eukaryotes. To test
this idea, we compared the unfolding abilities of affinity-purified
proteasomes from three additional species: worm (C. elegans),
fly (D. melanogaster), and frog (X. laevis). All proteasomes were
characterized by mass spectrometry (Supporting Information)
and native gel analysis (Supplementary Figure 2a), and the
preparations appeared to be of similar purity. The unfolding
abilities of the proteasomes increased in the order yeast =
worm < fly < frog = rabbit (Figure 2c and Table 1).

There are at least two potential driving forces for greater
proteasome processivity. First, the complex regulatory network
in metazoans might require a more processive degradation
machine, simply because there are more pathways where an
undegraded fragment would wreak havoc. Second, more
complex eukaryotes have a higher proportion of multidomain
proteins than simpler eukaryotes (Supporting Information). In
multidomain proteins the domains must be unfolded and
degraded one after the other and each domain can potentially
cause the dissociation of an undegraded fragment. Thus, the
more complex protein architecture could lead to a need for a
proteasome with greater processivity. Indeed, the ability of the
proteasome to unfold a domain increased with the prevalence
of multidomain proteins in the proteome (Figure 3). In
addition, proteomic studies have begun to identify the
collection of all proteasome substrates in different organisms,
and it appears that mammalian proteasome substrates also

-
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Figure 3. Correlation between proteasomal processivity and protein
complexity in different species. The processivity of proteasomes from
different organisms (yeast, worm, fly, frog, and rabbit) was compared
to the fraction of multidomain proteins in the proteome of the
different organisms. The fraction was calculated by dividing the
number of proteins with more than one annotated domain by the
number of proteins with at least one annotated domain to eliminate
any species differences in either annotation quality or the number of
unstructured proteins.
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Figure 4. Kinetic mechanism of proteasomal processivity for different species. (a—d) Degradation of radiolabeled ubiquitinated full-length substrate
(N-DHFR-barnase-degron-C; circles) and formation and decay of DHFR fragment (N-DHFR---C’; triangles) with distinct kinetics under the
following conditions: 100 nM yeast proteasome (a), 100 nM yeast proteasome and 500 uM NADPH (b), 40 nM rabbit proteasome (c), and 40 nM
rabbit proteasome and 500 uM NADPH (d). Solid lines are fits to the kinetic model in Figure 1a, in which a DHFR fragment is formed transiently
and is then either released or degraded. The amounts of full-length protein and fragment are shown as a percentage of the ubiquitinated substrate
presented to the proteasome at the beginning of the reaction. Errors bars are SEM of S—10 experiments. (e,f) Rate constant for fragment release

k,* (e) and fragment degradation kdegﬁ

proteasome from different organisms.

*¢ (f) as determined by global curve fitting of degradation reactions with N-DHFR-barnase-degron-C and

include more multidomain proteins than their yeast orthologs
(Supplementary Table).

A Transient Intermediate Allows Determination of
Unfolding and Release Rates. The mammalian proteasome
could be more processive than the yeast proteasome because it
unfolds and proteolyzes DHFR more rapidly (larger rate
constant kdegf“g) or because it releases the partially degraded
DHEFR fragment more slowly (smaller rate constant k™)
(Figure 1a). To measure these rate constants, we increased the
proteasome concentration in the reaction to accelerate
substrate encounter and thus the rate with which the full-
length protein is degraded (larger rate constant ky"""'**¢™).
This allowed us to observe the rapid formation of DHFR
fragment as the proteasome first runs into the DHFR domain
and stalls. The intermediate consisted of the DHFR domain
and a tail of some 80 amino acids. Most likely, the DHFR
domain was located at the entrance to the degradation channel
and the undegraded tail reached down the degradation channel
past the ATPase subunits to the proteolytic sites. Some of the
fragment then decayed as the proteasome was able to unfold
and degrade the DHFR domain. During this time, the
undecayed fragment remained associated with the proteasome
as a productive reaction intermediate, as it could not be
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competed away with an excess of unlabeled substrate added to
the reaction at different times (Supplementary Figure 3). At the
end of the reaction a certain amount of fragment that the
proteasome failed to degrade remained as an inert end product
(Figure 4). The final amount of fragment formed and thus the
unfolding ability of the proteasome did not depend on the
proteasome concentration in the reaction.

To determine the rate constants kdegf”g and k™8 from the
degradation curves, we used global curve fitting of the
disappearance of full-length protein and the formation and
degradation of fragment to the reaction model described above
(Figure 4; Table 1) (see Supplementary Methods for details).
The unfolding abilities calculated from the ratio of kdegﬁag to
k.8 obtained by curve fitting were essentially identical to
those determined directly from the final levels of fragment
formed by yeast and rabbit proteasome in the presence of
NADPH (Table 1), which validates the parameters obtained by
curve fitting.

Mammalian Proteasome Releases Substrate More
Slowly than Yeast Proteasome. Now that the individual
rate constants could be determined, we could establish the
mechanism for the greater processivity of the rabbit
proteasome. The ~S5—fold greater unfolding ability results

dx.doi.org/10.1021/cb3001155 | ACS Chem. Biol. 2012, 7, 1444—1453
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from a ~16—fold slower fragment release rate (k™8), which is
offset by a ~4—fold slower rate of unfolding and proteolyzing
DHFR (kdegf“g) (Figure 4 and Table 1). Thus, the mammalian
proteasome is slower but also more persistent than the yeast
proteasome. The slower degradation rate of the rabbit
proteasome may be a reflection of a slower overall catalytic
cycle for the proteasome, and consistent with this hypothesis
the mammalian proteasome had a 4-fold slower ATPase rate
than the yeast proteasome (Table 1). The situation is similar
for proteasome from flies and frogs: the increase in processivity
was due principally to a decrease in k., ™® for proteasome from
more complex organisms (Figure 4e and Table 1), offset by
smaller changes in kdegﬂag (Figure 4f and Table 1).

Despite its lower unfolding rate, the mammalian proteasome
is as powerful as the yeast proteasome. If each ATP hydrolysis
corresponds to one cycle of pulling, we can determine the
number of pulls required to degrade DHFR by dividing the
ATP hydrolysis rate by the forward degradation rate kdegﬁag.43
According to this calculation, the mammalian proteasome can
degrade DHFR in 9 + 2 ATPs or pulls, while the yeast
proteasome requires 8 + 2 ATPs or pulls on average. In the
presence of saturating NADPH, ~140 pulls are required to
degrade the stabilized DHFR for both yeast and mammalian
proteasome. Thus, approximately the same number of ATP-
hydrolysis events are required for any of the proteasomes to
unfold DFHR. This result suggests that unfolding and
translocation are coupled tightly to the ATP-hydrolysis cycle;
regardless of the species of origin each ATP-dependent
powerstroke has the same probability of unfolding the domain
and therefore likely has the same translocation step-size and
exerts the same amount of force on the substrate. However,
yeast proteasome releases its substrate once every ~300 ATP
hydrolysis events, while the mammalian proteasome only
relef:ases once every ~1300 cycles (ATPase rate divided by
krel rag).

A Processing Element Decreases the Unfolding Rate.
Although the proteasome is quite processive, certain amino acid
sequences can reduce this processivity and lead to the release of
undigested protein fragments. The partial degradation seems to
be part of some regulatory processes in the cell and to control
the activities of several transcription factors including p10S,
Spt23, Mga2, Ci, and the Gli proteins.”_23 The conversion of
p105 to p50 in mammalian cells requires a sgeciﬁc amino acid
sequence, the 35 amino acid long GRR.'"®” The GRR also
directs fragment formation in model proteins when placed
adjacent to folded domains such as DHFR.'"®'® To determine
how the GRR reduces proteasome processivity, we inserted the
GRR or a 35 amino acid long control sequence between
barnase and DHFR. The GRR reduced the processivity of the
yeast proteasome by roughly an order of magnitude relative to
the control sequence both in the presence and absence of
NADPH (Figure S). In the presence of NADPH less than half
of the protein containing the GRR is degraded completely.
Global fitting of the degradation data again allowed us to
determine the rate constants for partitioning between fragment
degradation and release (Figure 1a; Table 2). These parameters
showed that the GRR reduced the effective unfolding ability of
the proteasome entirely by reducing the degradation rate
constant kdegf“’g ~17-fold while leaving the release rate constant
ko largely unaffected. Thus, the GRR promotes fragment
formation by preventing the proteasome from unfolding DHFR
rather than by accelerating the release of the fragment. The
GRR is dispensable for processing of p10S when it is expressed
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Figure 5. GRR sequence leads to a decrease in proteasomal
processivity. (a) Degradation of N-DHFR-GRR-barnase-degron-C
(circles) and formation of DHFR fragment (N-DHFR---C’; triangles)
by 100 nM yeast proteasome. (b) Degradation of DHFR-3Sctrl-
barnase-degron, where 35ctrl is a control sequence derived from the
presequence to yeast cytochrome b,, by 100 nM yeast proteasome. For
the control sequence, no fragment is formed in the absence of
NADPH. (c,d) As in panels a and b but in the presence of S00 yM
NADPH. The GRR sequence leads to significantly more fragment
than the control sequence. Solid lines are fits from kinetic modeling.
The amounts of full-length protein and fragment are shown as a
percentage of the ubiquitinated substrate presented to the proteasome
at the beginning of the reaction. Error bars are SEM of 4—9
experiments.

artificially in yeast,” and this could be due to the lower intrinsic
unfolding ability of the yeast proteasome.

This reduction in kdegﬁag suggests that the Rpt motors exert
less unfolding force than usual on the folded domain while
interacting with the GRR. ClpXP and the other bacterial AAA+
proteases use aromatic paddles to move the substrate through
the degradation channel, and the proteasome likely uses a
similar mechanism.”*'%*#*> Perhaps the GRR contains fewer
chemical features that the paddles can interact with to pull on
the substrate. The polypeptide chain may also interact
transiently with additional binding sites in the motor or
translocation channel as it moves through the protease, for
example, to prevent back-slipping of the substrate. Perhaps the
GRR sequence can bind to these sites only weakly, such that
the substrate slips back more frequently allowing partially
unfolded domains to snap back more frequently. Similar effects
of the GRR on unfolding ability were seen with mammalian
proteasome, but the kinetics were such that the underlying rate
constants could not be determined (Supplementary Figure 4).

Glutamine Repeats Reduce Unfolding Ability in a
Length-Dependent Manner. Next, we asked whether
polyglutamine (polyQ) repeats such as those found in the
Htt protein associated with HD might affect proteasomal
processivity. We inserted stretches of different numbers of
glutamine residues (11, 33, and 53) into the substrate proteins
and found that the processivity of the rabbit and yeast
proteasomes decreased up to 10-fold with longer polyQ

dx.doi.org/10.1021/cb3001155 | ACS Chem. Biol. 2012, 7, 1444—1453
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Table 2. Unfolding Abilities and Kinetic Parameters for GRR and Control Inserts Calculated from Kinetic Modeling

Unappu U
GRR 0.9 + 0.3% 18 + 8
3Sctrl 6+1 S6+S

krelﬁag (min_l)
0.08 + 0.03
0.18 £ 0.01

kdegf”g (min™")
1.5+03
102 +£ 0.2

kdegﬁagNADPH (min_l)
0.072 + 0.007
1.05 + 0.05

“Calculating the unfolding ability from the end points of single-exponential fits yields U = 0.47 + 0.0S.
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Figure 6. PolyQ insertions lead to a length-dependent decrease in processivity. (a—f) Degradation of N-DHFR-polyQ-barnase-degron-C (circles) by
40 nM rabbit proteasome and formation of partially degraded substrate (N-DHFR---C’; triangles) in the absence (a—c) and presence of 500 uM
NADPH (d—f). In the absence of NADPH, only Q53 leads to substantial fragment formation (a—c), whereas in the presence of NADPH, increasing
numbers of glutamines lead to increasing final levels of fragment (d—f). The amounts of full-length protein and fragment are shown as a percentage
of the ubiquitinated substrate presented to the proteasome at the beginning of the reaction. (gh) Plots of unfolding ability as determined by the end
points of degradation kinetics against the length of the polyQ inserts in N-DHFR-polyQ-barnase-degron-C substrates for rabbit proteasome (g) and

for yeast proteasome (h). Error bars are SEM of 4—6 experiments.

insertions (Figure 6). We could not determine the unfolding
and release rate constants for the fragment because the kinetics
of its formation followed single exponential behavior at all
tested proteasome concentrations. The fact that the polyQ
sequence prevented the transient accumulation of intermediate
observed in the parent construct by itself does not provide a
clue for the mechanism. Its transient accumulation could be
prevented either because the polyQ sequence caused the
proteasome-bound fragment to disappear more rapidly through
degradation or release or because the polyQ sequence caused
the fragment to be formed more slowly. The simplest
explanation is that polyQ sequence acts like the GRR sequence
and slows the forward movement of the proteasome along its
substrates; however, we cannot establish this mechanism
directly. In the absence of NADPH, fragment formation was
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seen only for the longer 53 glutamine repeats (Figure 6 and
Supplementary Figure S). Thus, the proteasome is able to
degrade polyQ sequences, but they appear to slow proteasome
progression along a substrate, presumably allowing the release
of partially degraded Htt fragments that can go on to form
aggregates. PolyQ tracts might also prevent degradation due to
their resistance to proteolytic cleavages'6 (i, due to sequence
preferences of the proteolytic sites on the proteasome),
although more recent studies indicate that the proteasome
can cleave the polyQ tract at multiple places.*®

PolyQ stretches appear to have a similar effect on
proteasomal processivity as the GRR. PolyQ and GRR
sequences are both characterized by a strongly biased amino
acid composition, and it has been proposed that these low
complexity regions are part of a general processing signal."” It is
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possible that low complexity regions in general slow the
progression of the proteasome along a substrate because they
lack sequence features that can be recognized by the ATPase
motors. The likelihood of particular consensus motifs occurring
by chance in an amino acid sequence becomes lower as the
amino acid composition of that sequence becomes less
complex. Interestingly, inserting the control sequence into the
substrate increased the unfolding ability of the proteasome
compared to constructs without the insert (essentially
comparing the effect of the control sequence to that of the
barnase sequence), suggesting that amino acid sequence in
general, and not just GRR and polyQ sequences, can affect
processivity and that sequence complexity is not the only factor.

In Huntington’s disease, ubiquitinated aggregates of Hitt
exonl fragments persist in neurons and accumulate slowly over
many years to eventually form visible inclusions.** The
accumulation of aggregates correlates with the disease
phenotype, though soluble forms of Htt exonl rather than
the aggregates themselves may be the toxic species.*” The poor
degradation of polyQ-containing proteins observed here might
be a reason why Htt exonl protein is not cleared from cells
effectively.

In our assays, all of the polyQ insertions decreased the
degradation of DHFR stabilized by NADPH and did so the
more effectively the longer they were. Only the longest
polyglutamine stretch examined here (53 glutamines) began to
prevent degradation of DHFR in the absence of NADPH. This
observation is reminiscent of the finding that only repeats of
more than 35 glutamines in Htt appear to lead to significant
aggregation and HD clinically.*' The test substrates with the
unstabilized DHFR domain may represent a model for
preaggregation degradation, where longer glutamine expansions
begin to hamper proteasomal degradation and allow the slow
formation and accumulation of polyQ fragments that will
eventually aggregate. Indeed, at least some htt aggregates
contain polyQ stretches of different lengths as would be created
when the proteasome is no longer fully processive.* The test
substrates in which the DHFR domain is stabilized by the
NADPH ligand might represent a model for htt exonl proteins
where some of the polyQ stretch began to form aggregates,
which act like stable folded domains so that the proteasome is
unable to unfold and clear the proteins. If the polyQ sequences
inhibit proteasome progress along its substrate just as the GRR
does, these sequences may attenuate overall proteasome activity
in the cell by increasing the time that partially degraded
substrates remain associated with proteasomes. However, the
evidence whether or not the UPS is attenuated in a clinically
meaningful way in HD is contradictory.”***~>*

Conclusion. We have established an assay to describe the
processivity of the proteasome quantitatively by measuring the
forward degradation and substrate dissociation rates that
determine whether the proteasome digests or releases a
substrate as it proceeds along the polypeptide chain. The
mammalian proteasome is the most processive proteasome
among those we investigated. Its higher unfolding and
degradation power is caused by a much slower release of
partially degraded substrates than was observed for the yeast
proteasome. This may allow the mammalian proteasome to
handle complex proteins reliably. However, the mammalian
proteasome’s slower release rate may also make it more likely to
choke on hard-to-degrade substrates such as Htt aggregates,
potentially leading to an increase in toxicity in any number of
protein misfolding diseases.
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B METHODS

Proteasome Purification. Proteasomes were purified as described
previously or by adapting previous protocols (Supporting Informa-
tion).

Constructs. Constructs encoding substrate proteins were cloned
into pGEM-3Zf+ (Promega). The main unfolding ability substrate
consisted of an N-terminal His-tag followed by E. coli dihydrofolate
reductase (DHFR) followed by a catalytically inactive (H102A)
Bacillus amyloliquefaciens barnase with all lysines replaced by arginine,
methionine, or alanine followed by 60 amino acids from the Sicl
protein containing a PPXY RspS ubiquitination motif. The complex
insertion between DHFR and barnase corresponded to the first 35
amino acids of the S. cerevisiae cytochrome b, mitochondrial targeting
presequence with lysines changed to arginines or glutamines. The
GRR insertion corresponded to residues 369—403 of human pl05.
The polyQ insertions consisted of 11, 33, or 53 glutamine repeats. For
protein expression in E. coli, the unfolding ability construct was
subcloned into pet44a just downstream of the T7-lac promoter.
Constructs were assembled using a combination of traditional
restriction enzyme cloning and In-Fusion (Clontech).

Substrates. Radioactive substrates were in vitro translated using
the RTS 100 E. coli HY kit (5 PRIME), supplemented with *S-
methionine. After high-speed ultracentrifugation, substrates were
affinity purified using Talon magnetic beads (Clontech) as described
previously.”* The substrates were then in vitro ubiquitinated and
purified (Supporting Information).

Proteasomal Degradation Assay. Assays were carried out under
single turnover conditions (enzyme in vast excess of substrate) at 30
°C essentially as described previously.** Degradation data were
analyzed by curve fitting. Single exponential curve fits were performed
using nonlinear least-squares fitting in Igor Pro (Wavemetrics). Global
fits were performed by kinetic modeling, as described in the
Supporting Information.

ATPase assays. ATPase assays were performed using a coupled
pyruvate kinase/lactate dehydrogenase assay at 30 °C in the presence
of saturating ATP. Briefly, proteasome (10—100 nM) was mixed with
0.4 mM NADH, 2 mM phosphoenolpyruvate, 1 mM DTT, and 1 mM
ATP in a buffer consisting of 50 mM HEPES-KOH pH 7.5, 50 mM
KCl, S mM MgCl,, and the disappearance of NADH was monitored
by absorbance in a Molecular Devices SpectraMaxPlus plate reader.

Mass Spectrometry and Proteomic Analysis. See Supporting
Information.
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