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The 20S core particle (CP) proteasome is a molecular assembly catalyz-
ing the degradation of misfolded proteins or proteins no longer
required for function. It is composed of four stacked heptameric
rings that form a barrel-like structure, sequestering proteolytic sites
inside its lumen. Proteasome function is regulated by gates derived
from the termini of α-rings and through binding of regulatory par-
ticles (RPs) to one or both ends of the barrel. The CP is dynamic, with
an extensive allosteric pathway extending from one end of the
molecule to catalytic sites in its center. Here, using methyl-trans-
verse relaxation optimized spectroscopy (TROSY)-based NMR opti-
mized for studies of high–molecular-weight complexes, we evaluate
whether the pathway extends over the entire 150-Å length of the
molecule. By exploiting a number of different labeling schemes,
the two halves of the molecule can be distinguished, so that the
effects of 11S RP binding, or the introduction of gate or allosteric
pathway mutations at one end of the barrel can be evaluated at the
distal end. Our results establish that while 11S binding and the in-
troduction of key mutations affect each half of the CP allosterically,
they do not further couple opposite ends of the molecule. This may
have implications for the function of so-called “hybrid” proteasomes
where each end of the CP is boundwith a different regulator, allow-
ing the CP to be responsive to both RPs simultaneously. The meth-
odology presented introduces a general NMR strategy for dissecting
pathways of communication in homo-oligomeric molecular machines.
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The proteasome plays a critical role in cellular homeostasis by
degrading proteins that are aberrantly folded or that are no

longer required for function (1–6). It is composed of a 20S core
particle (CP) consisting of four stacked heptameric rings that se-
quester proteolytic sites inside the core of a barrel-like structure
and often additional large complexes, such as the 19S regulatory
particle (RP) (7–9), that are bound to one or both ends of the
barrel (10, 11) so as to control entry of substrates into the 20S CP
for degradation. Each of the pair of outer and inner rings of the
20S CP is made up of seven distinct α- and β-subunits, respectively,
in the case of eukaryotic CPs (12–14), but for the simpler archaeal
versions, such as the 20S CP from Thermoplasma acidophilum
studied here, there is often only one type of α- and β-subunit (15–
17) so that the 20S CP ring in this case has a simple α7β7β7α7
architecture (Fig. 1A).
Substrate entry into the 20S CP occurs through 13-Å-diameter

pores at either end of the symmetric molecule (13, 18). These pores,
in turn, are gated via the N-terminal 10 to 15 residues from the
α-subunits preventing the indiscriminate passage of substrates into
the lumen of the proteasome (13, 19). In the case of the 20S CP
from T. acidophilum, the gates have a high propensity (∼95%) to
adopt a conformation in which they lie inside the proteasome
cavity (referred to as the in conformation) (19, 20), but no more

than two gates can be accommodated inside the wild-type (WT)
20S T. acidophilum CP at one time due to steric hindrance (21),
leaving the other five gates exterior to the CP (out conformation).
These gates are intrinsically disordered and dynamic over a wide
range of timescales. For example, they have large amplitude
picosecond-to-nanosecond timescale motions (19), undergo sig-
nificant conformational heterogeneity on the millisecond time-
scale as established by relaxation dispersion NMR studies (22),
and exchange between in and out conformations on the seconds
timescale (19).
A number of different 20S CP regulators of activity have been

identified. These include the hexameric 19S RP in eukaryotes that
recognizes ubiquitin-tagged substrates and unfolds and threads
them through the CP pore for degradation in an ATP-dependent
manner (7, 9, 23–26), the corresponding prokaryotic unfoldases
such as PAN (27–30) or VAT (28, 29) that also require ATP, and
ATP-independent regulators that include the single polypeptide
chain PA200 (31, 32) or its yeast ortholog Blm10 (33–35), and the
heptameric 11S activators (36–44). Notably, despite their very
different architectures, these RPs all use a common mode of in-
teraction with the 20S CP whereby the C-terminal carboxylic group
from monomeric RPs (Blm10/PA200) or from at least one of the
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subunits of the oligomeric RPs (19S, 11S) forms a salt bridge with
the K66 side chain of a CP α-subunit, with other contacts estab-
lished through hydrogen bonds connecting residues at the terminus
of the bound regulator and amino acids 78 to 82 of the α-subunits
(25, 26, 30, 32, 35, 42). Although high-resolution structural infor-
mation is available for complexes involving the different classes of
regulator mentioned above (25, 26, 30, 32, 35, 42), a number of
biochemical observations have made it clear that 20S CP protea-
some function cannot be completely explained on the basis of static
structures. For example, the degradation products generated by
proteasome 20S CP complexes capped by the 11S RP are affected
by mutations to the RP despite the fact that the proteasome active
sites, located at the interface of the two β-rings, are far removed
from the RPs at the two ends of the structure (45). In addition,
atomic force microscopy experiments show gate opening in the

yeast proteasome upon binding of inhibitor to active sites (46),
while NMR studies of the T. acidophilum CP clearly establish a
shift in the in/out gate equilibrium in variants containing prose-
quences attached to the active-site T1 residues of the β-subunits
(β-T1) (47). Finally, the stability of regulator–CP complexes can
be influenced by the presence of inhibitors bound to the active
sites (48). None of these observations can be explained without
invoking an allosteric coupling between the active sites of the
β-subunits and gating regions of the α-rings. Structural evidence
for this coupling has been obtained through methyl-transverse
relaxation optimized spectroscopy (TROSY)-based NMR stud-
ies of the T. acidophilum CP showing that 1) binding of 11S, 2)
mutations of α-L81, a key residue in the proteasome α-subunit
that is involved in regulator binding, 3) mutations at the active
site β-T1 residue, or 4) binding of an allosteric inhibitor
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Fig. 1. Design and production of asymmetric 20S CPs to test end-to-end allostery. (A) Ribbon diagram structure of the 20S CP, α7β7β7α7, from T. acidophilum,
including N-terminal gating residues of α7-rings indicated in blue [obtained by aligning Protein Data Bank (PDB) entry 2KU1 (19) on the 20S CP from PDB entry
1YA7 (42)]. Five of the seven gates are localized to outside the lumen of the CP, with the terminal residue, M-1, highlighted in one of each of the out and in
gates. The catalytic βT1 residues are depicted with red spheres. (B) Three-dimensional structure of the 20S CP (ribbon diagram) in complex with the 11S RP
[from Trypanosoma brucei (41); space filling model] (42). The blue spheres represent methyl groups reporting on the allosteric pathway connecting activator
binding and the catalytic sites (red) (47). (C) Designed asymmetric α7β7β7α7 CP comprising one NMR-active M1I+M6A+K66A+S95C α7-ring (green) and one
NMR-inactive M1I+M6A+S95C (yellow) α7-ring. Position 66 of each α-subunit on the top ring is highlighted in magenta. The interaction of the K66A α7-ring
with RPs is significantly weakened (51). This construct has been used to test allostery between α7-rings upon 11S RP binding. (D) Asymmetric α7β7β7α7 CP with
M1I+M6A+S95C gates on one α7-ring, and Gly-rich+S95C gates on a second ring. The gates are depicted in a space-filling representation, with all seven Gly-
rich gates assuming the out position (21) (magenta), while 5/7 M1I+M6A+S95C gates are out (19) (gray). One of the two α7-rings is ILVM-13CH3 labeled,
depending on the experiment. (E) Third designed asymmetric α7β7β7α7 CP, with protomers in one of the α7-rings (NMR inactive) harboring the L81V mutation
(red) that has been shown to affect the allosteric pathway linking activator binding and catalysis (47). Position 81 of each α-subunit on the bottom ring is
highlighted in magenta. M1I+M6A+S95C α-subunits (L81) are ILVM-13CH3 labeled. (F) Schematic illustrating the generation of asymmetric α7β7β7α7 CPs.
Expression of unlabeled Strep-tag II fusion α molecules (yellow) coupled with Strep-Tactin column purification ensures that the only NMR-active particles are
asymmetric, as symmetric ILVM-13CH3–labeled CPs are not tagged and hence are removed in the flow-through. As indicated in the final step, samples
containing both NMR-inactive, symmetric 20S CPs and NMR-active, asymmetric CPs are produced, typically in the ratio of 4:6 (a ratio of 1:2 is calculated for the
best-case scenario where at least one Strep-tag remains on each yellow α7-ring during purification [Materials and Methods]). For experiments performed with
the constructs indicated in C–E, ratios of 0.46:0.54 (C), 0.41:0.59 (D), 0.41:0.59 (E) were calculated.
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chloroquine (49), all induced correlated chemical shift changes
in a set of methyl groups located along a contiguous structural
region (blue spheres in Fig. 1B) connecting RP binding sites with
catalytic sites that are ∼70 Å away (47). Manipulation of the
allosteric pathway defined by these chemical shift changes via a
series of perturbations including 11S RP binding or mutations at
position 81 was shown to modulate proteolysis of α-synuclein, a
20S CP substrate, with different levels of products produced
depending on the perturbation (47). Such an allosteric mecha-
nism, in the case of eukaryotic CPs, may play a role in the
generation of different antigens for presentation by the MHC
class I complex (50).
Having established an allosteric pathway that extends from

either end of the 20S CP to the center of the barrel, we now wish
to ask whether the network is even more extensive, extending
perhaps throughout the complete molecule—between the two
α-rings at opposite ends of the complex (∼150 Å apart). To this
end, we have designed a number of “asymmetric versions” of the
20S CP, with the asymmetry arising from mutations introduced
in one of the α-rings of the barrel, as well as from the NMR
labeling used, so that perturbations to one ring can be “read out”
on the other. In the first case, we exploit the fact that, as de-
scribed above and in detail previously (19), the N-terminal gates
of the α7 rings are in equilibrium between in- (two gates) and out-
(five gates) conformations, with binding of the 11S RP to the WT
α-ring shifting the gate conformation in favor of the out-state (19,
43). Thus, by constructing a molecule with a much higher affinity
for 11S RP binding at one of the α7 rings relative to the second
and measuring how the in/out equilibrium is affected in the α7-
ring for which 11S binding is minimal, it is possible to probe
whether the allosteric pathway extends between the α7-rings in
the CP. We have also engineered proteasome CPs where the
gating termini of an α7-ring at one end are substituted by Gly-
rich sequences that shift the in/out equilibrium exclusively to the
out state to explore how this effects gating at the other end of the
molecule. In a third test, we make use of L81V mutations that,
when introduced into each subunit of the α7 ring of the CP, lead
to chemical shift perturbations (CSPs) from the sites of RP binding
(α-rings) to the catalytic threonines of the β-rings (Fig. 1B) (47). In
contrast to our previous studies where the L81V mutation was
introduced into α-protomers from both α7-rings, we now consider
an asymmetric labeling scheme such that 20S CPs are constructed
where protomers from only one of the α7-rings harbor the L81V
mutation. If the allosteric network connects both α7 rings of the
proteasome, the CSPs would be expected to extend into the second
ring that lacks the mutation. The NMR results from all three di-
verse CPs are consistent, establishing that the allosteric pathway
identified previously (47) does not traverse the length of the full
20S CP proteasome, but rather extends over a single α7–β7 element.
This study highlights the power of solution NMR spectroscopy,
along with asymmetric labeling, for probing allosteric networks in
molecular machines that derive from subtle conformational changes
that are difficult to characterize using other structural techniques.

Results and Discussion
Generation of Asymmetric 20S CPs. As described above, using a
strategy in which asymmetric proteasomes are constructed has
allowed us to distinguish between the α-subunits at either ends of
the 20S CP barrel. This is achieved in one case by constructing a
proteasome CP where each of the α-subunits in one of the α-rings
contains the K66A mutation, which has been shown to disrupt the
interaction of 20S CPs with RPs (51), while the second α-ring has
the WT lysine at position 66. Thus, the 11S regulator can bind to
the “K66” α7 end of the proteasome, with little binding to the
K66A side. In order to read out how binding to one α7 ring affects
the in/out gate equilibrium of the second, the α-K66A ring is
rendered NMR active through labeling of the Ile, Leu, Val, and
Met methyl groups as 13CH3 in an otherwise-perdeuterated

background (52, 53), where only one of the prochiral Leu,Val
methyls is 13CH3 and the other 12CD3 (referred to in what follows
as ILVM-13CH3 labeling). The second α-ring and both β-rings are
NMR silent in our 13C-1H experiments, as they are not isotopically
labeled. The use of methyl group probes in NMR studies of high–
molecular-weight systems, such as the 670-kDa proteasome or a
850-kDa complex containing a single bound 11S particle, in con-
cert with experiments that exploit a methyl-TROSY effect (54),
enables recording of high-quality datasets from which quantitative
information can be obtained (55). Fig. 1C illustrates the desired
asymmetric molecule, where each protomer of the yellow α-ring
has the WT K66 amino acid and hence is 11S RP binding com-
petent, while the green, NMR-active, α-ring contains seven K66A
mutations that significantly reduce binding (see below). In this
manner, it is possible to bind 11S to one ring of the protomer,
leading to a shift in the gating equilibrium of that ring, and eval-
uate whether the shift is also observed at the distal end. Notably,
there are three Met residues, M-1, M1, and M6, that are located in
each α-gate (Fig. 1A), and distinct chemical shifts are observed for
the methyl groups of these residues in 13C–1H heteronuclear
multiple-quantum correlation (HMQC) spectra for the in and out
states of the gate (19). In the studies described here, we have
mutated two of the three methionine gate residues, M1I and
M6A, as this improves spectral resolution and, also, quantitation
of the in/out equilibrium (21). Previous NMR studies confirm that
these mutations do not affect the gating equilibrium (i.e., ratio of
in/out gates) (21). We have also included an S95C mutation as
this substitution reduces the propensity of α7-rings to form α7α7
“half-proteasomes,” thus improving the isolation of pure 20S
CPs, required in our analyses, from smaller complexes.
In a second set of experiments, the molecule shown in Fig. 1D

has been made, whereby all seven of the gating termini of one of
the two α7-rings are replaced by Gly-rich sequences that we have
shown previously significantly decreases the probability of in
gates (to essentially zero) (21). Thus, by ILVM-13CH3 labeling
one of the two rings, it is possible to establish whether an α7-ring
at one end with all gates in the out position affects the equilib-
rium at the other side of the CP barrel, or alternatively, whether
some of the Gly-rich gates can be forced to the in position by
communicating with the second side of the molecule where the
gates have the WT in/out distribution.

As a third and final test of whether allostery extends from one
side of the barrel to the other, we have constructed the asymmetric
20S CP illustrated in Fig. 1E, where NMR invisible L81V α7-rings
(red; one mutation per protomer) and ILVM-13CH3 labeled α7-
rings with the WT L81 (yellow) are attached on either sides of the
CP. In this manner, it is possible to establish whether CSPs in-
troduced by the L81V mutation in each of the protomers of one
ring (red) extend to the second α7-ring (yellow), which would
provide strong evidence of a continuous allosteric pathway span-
ning the length of the proteasome.
Fig. 1F illustrates the protocol that has been developed for the

preparation of asymmetric 20S CPs of the type shown in Fig. 1
C–E. In this approach, ILVM-13CH3 α7-rings (green) and natural
abundance α7-rings with an N-terminal Strep-tag II (56) (yellow)
were mixed in a 1:1 ratio in the presence of an excess of natural
abundance β-subunits and incubated overnight at 37 °C. Size-
exclusion chromatography was used to isolate the fully assem-
bled α7β7β7α7 CPs from lower mass molecules, such as α7-rings.
The CPs were subsequently passed through a Strep-Tactin col-
umn; the symmetric particles with ILVM-13CH3 α7-rings on both
sides of the barrel are removed in the flow-through, as these are
not able to bind to the Strep-Tactin resin. The eluted fraction
that is used to make the NMR sample, contains not only the
desired asymmetric 20S CP with just one ILVM-13CH3 labeled
α7-ring (green–yellow complexes) but also a symmetric CP with
Step-tagged natural abundance α7-rings on both sides (yellow–
yellow complexes). These symmetric CPs are not 13C labeled,
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however, and therefore they are effectively NMR silent. In what
follows, α7-rings that are ILVM-13CH3 labeled will be indicated
with an asterisk (*) in all figures, with the various types of rings
used in NMR experiments distinguished by different colors.
Assuming that the Strep-tags remain intact, 66.7% of all of the
particles present in the final NMR sample are predicted to have
the desired asymmetric labeling. However, in practice, this per-
centage is smaller due to the partial degradation of the Strep-tag
by the 20S CP itself during the assembly reaction and purification.
Further details concerning sample production are presented in
Materials and Methods, along with a formula for calculating the
percentage of desired asymmetric particles in the NMR sample
based on the fraction of CPs in the Strep-Tactin column flow-
through. Comparison of 13C–1H HMQC spectra of an asymmet-
ric 20S CP sample, prepared as described above, with spectra of
symmetric 20S CPs and of intentionally uniformly scrambled
particles where labeled and natural abundance α-protomers are
randomly distributed in both α7-rings of the CP indicates that no
significant scrambling between protomers of the α7-rings occurs
during the production of samples or NMR data acquisition (SI
Appendix, Fig. S1).

Binding of 11S to Isolated α7-Rings. Prior to recording experi-
ments with the asymmetric 20S CP samples, we measured the
interaction between 11S RPs and single α7-rings to establish
the extent to which the K66A mutation reduces their binding
affinity. As expected, 13C–1H HMQC spectra of ILVM-13CH3
M1I+M6A+S95C α7 and ILVM-13CH3 M1I+M6A+K66A+S95C
α7, recorded at 40 °C and 600 MHz, are very similar in the absence
of 11S (black contours in Fig. 2 A and D and SI Appendix, Fig. S2),
providing strong evidence that the K66A mutation does not change
the overall structure of the α7-ring. Integration of cross-peaks de-
rived from M-1 that report on the in/out gate equilibrium establish
that, for both α7 variants, two gates of the seven are in the in
conformation (Table 1), so that the in/out ratio is close to 0.4. The
observed populations of in and out gates are in agreement with
those previously measured for the WT α7 (19), indicating that the
introduced mutations do not affect the gating thermodynamics.
Finally, similar timescales of exchange between in and out gate
conformations are measured for the K66 and K66A constructs
(SI Appendix, Fig. S3) via magnetization exchange experiments
(19), although it is worth emphasizing that it is the thermody-
namics, rather than the kinetics of gating, that are of interest here.

A B C

D
E

Fig. 2. Binding of 11S RPs to α7-rings. (A) Binding of 11S to M1I+M6A+S95C α7 is established by the appearance of a new cross-peak derived from M-1,
M-1tethered. Note the decrease in intensities of peaks from in gate states upon 11S binding. Also shown are spectral regions highlighting L81δ1, a residue
reporting on an 11S binding interaction only present for the K66 α7-ring. Spectra in black(red) are measured on α7 (+11S RP) samples. Single black contours in
spectra of α7+11S RP (red) are derived from α7 in the absence of the RP. One-dimensional traces at ϖ13C = 17 ppm for M-1, and for L81 at ϖ1H = 1.11 ppm are
shown. (B) Five-state model depicting in (A+C), out (B+D), and tethered (E) gating conformations that provides the simplest explanation of the observed NMR
spectrum. The light gray area indicates the lumen of the proteasome, and α-M-1 is denoted by a red sphere (in and out states) or a red star (tethered state). (C)
Schematic 13C–1H correlation map showing the positions of the M-1 cross-peaks and the states, A–E, from which they are derived. (D) As in A but with
M1I+M6A+K66A+S95C α7-rings. (E) Portion of the 3D structure of the 20S CP–11S RP complex (42), focusing on the interface between the α7-ring (yellow) and
the 11S RP (gray); the two interaction sites on the 11S RP are colored in green and cyan (42). The magnified plot on the Right shows the main site of in-
teraction (green) stabilized by a salt bridge between the C-terminal carboxylate group of the 11S RP (S231) and α-K66, as well as by hydrogen bonds between
11S RP C-terminal residues and amino acids on the α-subunits, such as L81. The second site (cyan) involves contacts between residues E98–D103 of the 11S RP,
and Y8 and S16–F22 of the α-subunits.
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It should be noted that in any analysis of peak integrals in terms
of populations care must be taken to ensure that relaxation effects
do not bias the results. Throughout this work, we have mea-
sured transverse relaxation rates and corrected peak intensities, as
described in Materials and Methods and in previous publica-
tions (21, 57). Addition of perdeuterated 11S to ILVM-13CH3
M1I+M6A+S95C α7 leads to several changes in the NMR spec-
trum (red contours in Fig. 2A), including the appearance of a new
peak for L81δ1 that derives from the bound state, as previously
described by Sprangers and Kay (58). This new peak results from
the interaction between the C-terminal residues of the 11S RP and
amino acids 78 to 82 of the α-subunits that form a binding pocket
(see below) (42). In addition to the CSP for L81δ1, several
changes are also noted in the methionine region of the spectrum.
A new peak is observed for M-1, a residue that is distal from the
11S RP binding pocket, derived from what we refer to as a tethered
state involving the gate. NMR spin relaxation experiments provide
evidence that this new peak reflects a direct interaction between
the gate and the 11S RP, as methyl 1H transverse relaxation rates
for M-1 (Materials and Methods) increase from 6.8 ± 0.1 s−1 (out
state) to 31.5 ± 0.5 s−1 (tethered state), which is consistent with a
restriction of the motions of the N-terminal gating residues of the
α-subunit in the tethered conformation. Binding of 11S leads to a
reduction in both in and out peaks, although the in/out ratio is still
very close to 0.4 (Table 1). Interestingly, the total fraction of
bound protein, as measured by the amplitude of the bound/free
peaks for L81δ1, ∼90%, is significantly larger than the fraction of
tethered M-1, ∼64%. Fig. 2B presents a model that is consistent
with these data where, for simplicity, the focus is on a single gate
(colored blue) of the seven in the α-ring. In Fig. 2B, the gate
residue M-1 is highlighted by a red circle in the untethered state
while the tethered M-1 is delineated with a star and shown sche-
matically as binding to the 11S RP. There are two states for the
11S unbound form, A and B, corresponding to gate in and out,
respectively, and three bound conformers denoted as C (M-1 in,
11S bound), D (M-1 out, 11S bound), and E (M-1 tethered, 11S
bound). In what follows, we distinguish between an out and a
tethered gate in the bound form, although tethered gates are also
localized to outside of the proteasome lumen, by whether M-1
contacts the 11S RP (state E) or is free (state D). The fact that
L81 reports a larger fraction bound than M-1 reports a fraction
tethered indicates that the C ↔ D ↔ E equilibrium is not com-
pletely skewed toward the E state. Quantitation of the relative
populations of the five states A–E can be achieved by noting that
each of the M-1 cross-peaks in Fig. 2A can be assigned to specific
states, as indicated in Fig. 2C. Thus, p(in), the fractional pop-
ulation of gates in the in state can be expressed in terms of the

fractional populations of states A and C, as p(in) = p(A) + p(C),
with p(out) and p(tethered) [denoted as p(tet), in what follows],
given by p(out) = p(B) + p(D), and p(tet) = p(E), respectively. By
measuring volumes of each of the M-1 peaks, p(in), p(out), and
p(tet) values are obtained (Fig. 2C), and from the relative volumes
of the L81δ1 cross-peaks reporting on 11S bound and unbound
rings, the fraction of bound α7 particles is generated, corre-
sponding to p(C) + p(D) + p(E). A set of five linear equations is
thus obtained that can be solved (Materials and Methods) to give
the populations of the five states: A = 3.1 ± 1.8%, B = 7.9 ± 4.5%,
C = 8.9 ± 1.9%, D = 16.5 ± 4.1%, and E = 63.6 ± 4.5%. We refer
to this high-affinity bound conformation as state I (11S RP + K66
α7 ring), and to the binding site as site I, to distinguish it from the
much lower affinity bound state II associated with the interaction
between the 11S RP and the K66A mutated α7-ring (see below).
In addition to the probabilities, p(J) J∈{A–E}, defined above, it
will be convenient in what follows to define conditional probabil-
ities such as p(injIBD) = p(C)/[p(C) + p(D) + P(E)], p(outjIBD) =
p(D)/[p(C) + p(D) + p(E)] and p(tetjIBD) = p(E)/[p(C) + p(D) +
p(E)], corresponding to the probabilities of in, out, and tethered
gates for the I bound conformation (IBD). Thus, for example,
p(C) = p(IBD)·p(injIBD), where p(IBD) is the fraction of α7-rings
bound to 11S. Within the bound conformation I, comprising
states C, D, E, p(injIBD) = 10.0 ± 2.0%, p(outjIBD) = 18.5 ±
4.1%, and p(tetjIBD) = 71.5 ± 5.4%. Note that as the equilibria
between C, D, and E are all first-order, p(injIBD), p(outjIBD),
and p(tetjIBD) are independent of the 11S concentration. The
dissociation constant for binding of 11S to M1I+M6A+S95C α7,
K I
D = ð½A�+ ½B�Þ · ½L�=ð½C�+ ½D�+ ½E�Þ, where [L] is the concentra-

tion of free 11S, is calculated to be 3.5 ± 1.2 μM, based on the
fractional populations of the states listed above and the total 11S
and α7 concentrations used (Materials and Methods).
Introduction of the αK66A mutation in each subunit reduces

binding of the α7-ring to the 11S RP (red contours in Fig. 2D),
with no changes in the Ile and Leu/Val regions of the 13C–1H
correlation map (SI Appendix, Fig. S2), and no detectable bound
peak for L81. The absence of a chemical shift change for L81 is
expected, as the interaction between the C-terminal residues of
the 11S RP and each of the α-subunit binding pockets is severely
impaired by the K66A mutation. Notably, however, a small peak
corresponding to the tethered state is observed for M-1, in-
dicating that a second, weak interaction with the 11S RP is pre-
sent. Insight into why an interaction still persists can be obtained
from the high-resolution X-ray structure of the T. acidophilum
CP:11S RP complex showing that there are two sites of contact
between the WT α7-ring and 11S RPs, with the first involving a
salt bridge between the 11S C-terminal residue S231 and K66 of

Table 1. Populations of in/out/tethered gates for K66 or K66A single α7-ring particles, either
unbound or 11S RP bound

α7 Construct α7:11S

Leu81 Met-1

Bound* In Out In/out Tethered

M1I+M6A+S95C α7 1:0 0% 27.3 ± 1.1% 72.7 ± 2.8% 0.38 ± 0.02 0%
1:3 89 ± 3% 12.0 ± 0.8% 24.4 ± 4.0% 0.49 ± 0.09 63.6 ± 4.5%

M1I+M6A+K66A+S95C α7 1:0 0% 27.3 ± 1.0% 72.7 ± 3.2% 0.38 ± 0.02 0%
1:3 3 ± 2% 23.2 ± 1.7% 57.7 ± 2.4% 0.40 ± 0.03 19.2 ± 1.1%

Observed populations were calculated from peak volumes and converted to populations of the five states
highlighted in Fig. 2B, as described in the text. Peak volumes were corrected for differential transverse relaxation
in the case of M-1 (see Materials and Methods for details).
*Percent 11S RP bound, as reported by ratio of volumes of “bound” and “free” L81δ1 peaks (Fig. 2 A and B). The
chemical shift of L81δ1 responds to an interaction involving the C-terminal tail of the 11S RP and α-subunit
residues 78 to 82. In the case of WT α7-rings, these contacts are present, and hence L81δ1 is a good probe of
binding. In the case of the K66A mutant, the binding interaction reported by L81 is no longer present (no CSP;
see text). Binding can still occur, however, through a second interaction discussed in the text, and the fraction
bound determined as described in the text and Materials and Methods.
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the α-ring that is responsible for the shift in the resonance
position of the proximal L81 peak (Fig. 2A) and the second site
including interactions between E98–D103 of the activation
loop of 11S and residues Y8 and S16–F22 of the α7-ring (Fig.
2E) (42). In the case of binding of 11S to WT α7, both sets of
interactions are formed, but in the context of the K66A mu-
tation only the second interaction set is preserved and the
binding is, therefore, weaker. As with the K66 α7-ring–11S in-
teraction, discussed above, it is possible to derive a set of linear
equations that relate populations of the five states of Fig. 2B to
intensities of the M-1 cross-peaks. However, in this case, the
system is underdetermined, as the fractional population of
11S bound rings, p(C) + p(D) + p(E), cannot be obtained from
the L81 resonance that is no longer sensitive to binding in the
mutant. We therefore assume that the relative populations
of tethered states are the same when the 11S is bound in con-
formations I or II, that is p(tetjIIBD) = p(tetjIBD) = 71.5%,
from which it follows that A = 20.9 ± 0.8%, B = 52.2 ± 2.0%,
C = 2.3 ± 1.7%, D = 5.4 ± 2.0%, and E = 19.2 ± 1.2%,
and that p(injIIBD) = 8.6 ± 5.8% and p(outjIIBD) = 20.0 ±
7.0%. It is noteworthy that p(injIIBD) and p(outjIIBD) are the
same as p(injIBD) and p(outjIBD), respectively, to within ex-
perimental error, indicating that the gating distribution in ei-
ther K66- or K66A-bound rings is very similar. Finally, the
dissociation constant for M1I+M6A+K66A+S95C α7 and 11S,
K II
D = ð½A�+ ½B�Þ · ½L�=ð½C�+ ½D�+ ½E�Þ, can be calculated from the

p(J) values and the total 11S and α7 protein concentrations
used (Materials and Methods). A value of K II

D = 101 ± 14 μM is
obtained, 30 times larger than KI

D. The overall in/out ratio for
M1I+M6A+K66A+S95C α7 in the presence of 11S is still close
to 0.4 (0.40 ± 0.03; Table 1).

Testing Models of Allostery through Binding of 11S to the 20S Core
Particle. Our results are consistent with two sites of interaction
between a WT α-ring and an 11S RP, as expected from the X-ray
structure of the 20S CP:11S RP complex (42) and, furthermore,
highlight that the α−K66A mutation eliminates the high-affinity
contact involving the C-terminal carboxylic group of 11S. With
the values of K I

D and K II
D available, it is now possible to test

whether binding of 11S to predominately one side of the 20S CP
leads to changes in the gating equilibrium at the other end. As
described above, not all of the 20S particles produced using the
protocol in Fig. 1F are the desired asymmetric molecules, with
one K66A (ILVM-13CH3) and one K66 (unlabeled) α7-ring at
each end (Fig. 3A). Rather, a mixture is obtained comprising
NMR-invisible symmetric 20S CPs (K66 α7-rings at both ends)
and the desired asymmetric CPs. Based on the quantity of pro-
tein present in the flow-through and the elution fractions from
the Strep-Tactin column, the percentage of the asymmetric 20S
CPs is estimated to be 54% (Materials and Methods), rather than
the maximum 66.7% that is predicted assuming that not all of the
Strep-tags are cleaved from each of the α7 rings (i.e., only one tag
is required per ring to bind the column). Note that a mixture of
different CPs does not affect the accuracy of the analysis, so long
as spectral signal-to-noise is not limiting, because the only NMR
signal observed is derived from the asymmetric particles that
report on the allostery. Binding of the 11S RP to the symmetric,
NMR-invisible particles must be taken into account, however, to
calculate the fractional population of the 11S-bound asymmetric
particles, as described in Materials and Methods.
Fig. 3 B, Left, shows the region of a 13C–1H HMQC spectrum

of the 20S CP in the absence of the 11S RP (40 °C and 800 MHz)
that contains correlations from M-1. The relative intensities of
the M-1out and M-1in cross-peaks in the apo case, 0.39 ± 0.01,
indicates that the in/out gate ratio is close to the expected value
of 0.4 (Table 2), corresponding to the situation where two gates
are in and five are out of the proteasome lumen, which further

establishes that the gating thermodynamics are not affected by
the K66A mutation. Upon addition of a threefold molar excess
of the 11S RP over the 20S CP (Fig. 3 B, Right), a small decrease
in the intensities of the M-1in correlations is observed, along with
the appearance of a peak derived from tethering of M-1 to the
11S particle. Table 2 lists the relative fractions of in, out, and
tethered gates in this case. These fractions are with reference to
the gates of the K66A α7-ring, as only these are NMR active.
Since K I

D (3.5 ± 1.2 μM) and K II
D (101 ± 14 μM) are known, the

fraction of CPs bound with 11S at the high-affinity [K66 ring;
p(IBD)] and low-affinity [K66A ring; p(IIBD)] sites, referred to as
sites I and II, respectively (see above), can be calculated using a
competitive binding model (59) that takes into account the relative
concentrations of symmetric and asymmetric proteasome particles
in solution and the total concentration of added 11S (Materials
and Methods). Under the assumption that the gates at opposite
ends of the proteasome operate independently so that binding of
RP to one end of the barrel has no effect on the gate distribution
at the opposite end (i.e., no cooperativity), the observed gating
equilibrium at the NMR-active M1I+M6A+K66A+S95C α7-rings
will not be affected by the positions of the gates in the (NMR-
silent) M1I+M6A+S95C α7-rings. The predicted populations of
tethered, in, and out gates for the K66A ring of the 20S CP complex
in this case are thus given by the following:

pðtetÞ = p
�
IIBD

�
· p
�
tetjIIBD�

pðinÞ = poðinÞ · �1− p
�
IIBD

��
+ p

�
injIIBD� · p�IIBD�

pðoutÞ = �
1− p0ðinÞ� · �1− p

�
IIBD

��
+ p

�
outjIIBD� · p�IIBD�,

[1]

where p0(in) = 2/7 (19) is the in gate population in the absence of
11S. Values of pðxjIIBDÞ with x = {tet, in, out} are given in the
previous section and p(IIBD) = 0.24 ± 0.03 (Materials and Methods).
Calculated p(tet), p(in), and p(out) obtained from Eq. 1 (absence of
allostery) are listed in Table 2. Notably, these values are in excel-
lent agreement with experimental observations.
As a second limiting model, we consider the case where gates

at opposite ends of the proteasome are maximally coupled. Thus,
binding of the 11S RP to one end of the barrel, and the con-
comitant shift in the in/out equilibrium toward the out state in
the 11S bound conformation, will propagate to the second un-
bound end and affect the gating equilibrium at this location as
well. In this scenario, substrate entry would be facilitated at the
unbound end, at least for intrinsically disordered proteins or
proteins with substantial regions of disorder that do not require
active unfolding to enter into the proteasome barrel for degra-
dation (49). Because K I

D << K II
D, the added 11S RP will bind

much more extensively to site I [p(IBD) = 0.90] than to site II
[p(IIBD) = 0.24], increasing the population of K66 gates (site I)
in the out and out+tethered conformations [p(outjIBD) + p(tetjIBD) =
0.90 ± 0.07] from the canonical p(out) value of 5/7 in the absence
of 11S. As the gate distribution in the unbound K66A α7-ring is
slaved to the distribution in the 11S RP-bound K66 ring in this
second model (SI Appendix), the net effect is a shift in the K66A
gate populations, as well. Values of p(in), p(out), and p(tet) can
be calculated (for the NMR observable K66A α7-site of the 20S
CP, site II) by considering all of the different 11S bound/unbound
configurations, as illustrated in Fig. 3C, along with expressions that
are listed there and described in more detail in SI Appendix. Table
2 lists the calculated P values. These deviate considerably from
what is observed experimentally. Notably p(in) calculated for the
case of maximum allostery is significantly smaller than the
observed value, leading to a much reduced p(in)/p(out) ratio
than what is measured (0.15 ± 0.03 vs. 0.42 ± 0.02). It is clear that
this model does not describe the data, while the assumption of no
cooperativity between sites, and hence no communication between
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the α7-rings at the opposite ends of the barrel, leads to calculated
P values that are in good agreement with observations.

Testing Models of Allostery through Gate Mutation. As a second
probe of long-range allostery in the 20S CP system, we have
generated an additional set of complexes in which one of the α7-
rings is of the M1I+M6A+S95C variety with a second ring con-
sisting of protomers in which the gates are enriched in Gly resi-
dues (Gly-rich gate, MGGSEGGGSEGGGA, vs. M1I+M6A
sequence, MGIQQGQAAYDRAI). We have previously shown
that Gly-rich gates have a very low propensity to assume the in
position, with the intrinsic probability of an individual gate en-
tering the lumen of the proteasome decreasing from ∼96% for the
M1I+M6A gate, corresponding to p(in) = 28.4% (21), to less than
2% for a Gly-rich gate [p(in) < 2%]. Our choice of the Gly-rich α7-
ring maximizes the chance of observing long-range allostery that
connects both ends of the 20S CP, as the gating propensities at the
two ends of the asymmetrically constructed molecule are drasti-
cally different. Quantification of the intensities of the M-1out and
M-1in peaks for symmetric 20S CP samples composed of either
both M1I+M6A+S95C α7-rings or both Gly-rich α7-rings gives the
expected p(in) values of about 28% and 0%, respectively (Fig. 4 A
and B and Table 3). Small differences are observed in spectra
generated from the corresponding asymmetric 20S CP samples
(Fig. 4 C and D and Table 3), where each of the α7-rings was
ILVM-labeled individually. In particular, an increased p(in) value
of ∼35% is quantified from particles where the M1I+M6A+S95C
α7-ring is NMR active (Fig. 4C and Table 3). This increase is
opposite to what would be expected in the case of positive allo-
stery, suggesting, perhaps, negative cooperativity between ends of
the molecule. However, an alternative explanation is one where an
intermolecular association between CPs occurs, such that a gate
from an (NMR-active) M1I+M6A+S95C α7-ring on one CP
penetrates the lumen of an adjacent proteasome at an end with a
Gly-rich α7 ring. As the Gly-rich gates are all in the out position,
they do not obstruct the entrance into the proteasome lumen. In
the NMR sample used for the experiments of Fig. 4C, the molar
fractions of asymmetric and symmetric Gly-rich 20S CPs are in the
ratio 59%:41%, so that 70% of the α7 rings attached to CPs are
of the Gly-rich variety. Therefore, to test this hypothesis, we ac-
quired an HMQC spectrum of a mixture of ILVM-13CH3

A

B

C

Fig. 3. Testing long-range allostery in the 20S CP upon binding 11S RPs. (A)
A sample was prepared (Fig. 1) containing a mixture of symmetric CPs (where
both α7-rings of the complex are M1I+M6A+S95C and are not NMR labeled)
and asymmetric CPs (one α7-ring, M1I+M6A+K66A+S95C, is ILVM-13CH3 la-
beled and a second ring, M1I+M6A+S95C, is unlabeled). Only the asymmetric
CP, shown, gives rise to NMR signals. ILVM-13CH3–labeled α7-rings are indicated
with an asterisk (*). (B) Spectra highlighting α−M-1 correlations in the absence
(black) and presence (red) of threefold molar excess of 11S RP over the 20S CP.
One-dimensional slices are shown at ϖ13C = 17 ppm. (C) Shown are the four
possible bound/unbound 20S configurations (20S:11S = 1:0, 1:1 with 11S
binding on top—site II, 1:1 with 11S binding on bottom—site I, and 1:2). The
population of in (Top), out (Middle), and tet (Bottom) gating conformations

for the K66A α7-ring, site II, is given for each of the configurations shown,
described in detail in SI Appendix. Similarly, in, out, and tet gating states are
possible for the K66 ring as well (site I). However, configurations of site I
gates are illustrated only for the cases where gates in site II (that are ob-
served in NMR experiments) are slaved to them, and this occurs only in the
case where the 11S RP is bound to site I, but not to site II. As described in
detail in SI Appendix, our model is based on the assumption that binding of
the 11S RP at one site of the CP leads to the same gating equilibria at that
site as for an isolated α7-ring that is 11S RP bound. Thus, when the 11S RP is
bound to site II, irrespective of whether site I is in the bound state or not,
p(injIIBD), p(outjIIBD), and p(tetjIIBD) values are given by the corresponding P
values measured for the isolated M1I+M6A+K66A+S95C α7-ring; for these
cases, therefore, the gate configuration in site I is irrelevant. The α7β7β7α7
20S CP is represented by four stacked tori, where the ILVM-13CH3–labeled
K66A α7-ring is in green, the unlabeled K66 α7-ring is in yellow, and the two
β7 rings are in white. The α gates are highlighted in blue, and α-M-1 is in-
dicated by a red sphere (in and out states) or a red star (tethered state). The
11S CP is represented by a gray spherical shell. The analytical expressions for
the populations of in, out, and tethered states are as indicated. In the listed
equations, p(IBD) and p(IIBD), are the fractional populations of high-affinity
(K66 rings; site I) and low-affinity (K66A rings; site II) sites that are bound to
the 11S RP, p0(in) = 2/7 and p0(out) = 5/7 are the fraction of in/out states
when 11S is not bound (19, 21, 47), and p(xjIIBD) x={in, out, tet} is the fraction
of gates in an 11S-bound K66A α7-ring (11S binding site II) that are either in,
out, or tet, as determined in this work; p(xjIBD) is defined the same way as
p(xjIIBD), with the exception of an 11S-bound K66 α7-ring.
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M1I+M6A+S95C symmetric 20S CPs and unlabeled Gly-rich
symmetric proteasomes in the ratio 3:7, the same ratio of each
type of ring as in the asymmetric 20S CP sample (Fig. 4E). In
addition, the same net concentration of CPs was used as for the
asymmetric 20S CP sample (26 μM). An increase in p(in) to about
35% is observed in this mixture (Fig. 4E), exactly as detected for
asymmetric 20S CP particles where the M1I+M6A+S95C α7-ring
is NMR active (Fig. 4C). This indicates that, instead of long-range
allostery, the slight elevation in p(in) is fully explained by an in-
termolecular association. Consistent with this result, we do not
observe CSPs that would normally accompany triggering of an
allosteric pathway in either half of the asymmetric molecule (SI
Appendix, Fig. S4), indicating that the gating status at one end of
the particle is not transmitted to the other half of the CP.
The appearance of an additional peak in asymmetric samples

where the Gly-rich α7-ring is ILVM labeled (compare Fig. 4 B
and D) is of interest. Both its position and measured relaxation
properties indicate that it is derived from the out state. For ex-
ample, 1H transverse relaxation rates quantified from the pair of
peaks in Fig. 4E at 2.08 and 1.98 ppm are small, 12 and 16 s−1,
respectively, in contrast with values higher than 40 s−1 measured
for the in peaks of M1I+M6A gates. The extra peak at 2.08 ppm
in this case may reflect intermolecular interactions involving Gly-
rich and M1I+M6A rings on separate molecules, discussed above.
The absence of in state peaks in Fig. 4D provides further evidence
for the absence of allostery between the two gated ends, as the
presence of a WT distribution of gates at the distal end does not
lead to any change in the positioning of the Gly gates, which re-
main in the all-out configuration.

L81V Mutation as a Probe of 20S CP Allostery. The 11S RP binding
and the gate mutation studies described above provide strong
evidence that the gating equilibrium at one end of the 20S CP is
not influenced by the corresponding equilibrium at the opposite
end of the molecule. This suggests that the allosteric pathway
that extends between the two proximal α7-β7 rings on the same
half of the proteasome, connecting sites of RP binding on one α7-
ring with active sites on the neighboring β7 (47), does not con-
tinue further. As a further test, we have constructed a pair of
asymmetric proteasomes where one face is “capped” by either
S95C or L81V+S95C α7-rings, neither of which are NMR active,
with the other end containing an ILVM-13CH3 α7-ring that is
M1I+M6A+S95C (Fig. 5A, structures framed in green and gray).
An additional 20S CP sample was generated where both α7-rings
are NMR active and contain the L81V substitution, as a control
(Fig. 5A, red frame). We have shown previously that substitution
of Val for Leu at position 81 of the α-subunit in symmetric CPs
creates a set of CSPs that is very similar to that obtained from
11S RP binding to CPs with WT α7-rings (47). These CSPs can
also be recapitulated by mutations of the catalytic T1 residues in
β7-rings or through association of the small-molecule chloroquine,
a low-affinity allosteric inhibitor (49) that binds at the interface

between α- and β-subunits (47). Thus, the L81V mutation triggers
the same “pathway” that 11S binding does (highlighted in Fig. 1B).
If CSPs are observed in datasets recorded on the asymmetric
construct of Fig. 5A (gray frame) that are similar to those noted in
spectra of the symmetric α-L81V CP (red frame), then this would
provide evidence of an extensive allosteric pathway spanning the
full length of the 20S CP. In contrast, if spectra recorded on the
pair of asymmetric CPs highlighted in Fig. 5A (green and gray
frames) are superimposable, then this would strongly suggest that
the allosteric path is confined to half of the proteasome.
Fig. 5B shows a number of panels highlighting selected regions

of 13C–1H HMQC datasets recorded of CPs where each of the
α7-rings harbors the L81V mutation (red contours), or asymmetric
CPs where one of the α7-rings is M1I+M6A+S95C (ILVM-13CH3)
and the other is either S95C (green) or L81V+S95C (gray). A
number of methyl groups that show CSPs in comparisons of
spectra of symmetric α-L81 and α-L81V CPs are selected and their
positions in the proteasome structure illustrated in Fig. 5C. In all
cases, the green and gray cross-peaks overlap and are distinct from
the red correlations (Fig. 5B and SI Appendix, Fig. S5), indicating
that the CSPs introduced at one α7-ring by the L81V mutation do
not extend to the second ring that is WT at position 81. These
results provide further support that the allosteric pathway in the
20S CP is limited to adjacent α7–β7-rings.

Concluding Remarks. In a series of previous papers, we have shown
that the T. acidophilum 20S CP proteasome is a dynamic molec-
ular machine (19, 47, 58). Flexible gates control, in part, substrate
entry into the lumen of the CP antechamber through stochastic
fluctuations that place gating residues either in or out of the
proteasome lumen (19). Proteasome function is further modu-
lated through pathways of communication between distal parts of
the molecule that can be manipulated through mutation, binding
of RPs or inhibitors (45–48). For example, it was shown that one
such pathway connects the proteasome gates with active-site res-
idues located 70 Å away (47). Although high-resolution structures
are increasingly forthcoming of proteasomes bound with a variety
of different RPs (30, 32, 60), key questions relating to the roles
that dynamics and allostery might play in regulating function have
remained. The development of NMR-based approaches to study
high–molecular-weight particles through methyl-TROSY–based
pulse schemes (54, 55), and the ability to asymmetrically label
molecules so as to probe how perturbations in one region affect
the structure and dynamics at a distal location (21, 61), opens up
the possibilities for an in-depth analysis of the structure–dynam-
ics–function paradigm in this important class of molecule and,
indeed, in a range of large protein complexes. In particular, these
advances allow us to explore here the range of allosteric com-
munication in the proteasome system. Our results establish that,
although extensive, the allosteric pathway that couples RP binding
sites on the α7-ring to catalytic T1 residues of the β7-ring does not
extend further with perturbations to the CP, such as binding of the

Table 2. Experimental and predicted populations of in/out/tethered gates in the 20S CP with and without the 11S
RP

20S CP:11S RP* In Out In/out Tethered

1:0 Observed 28.1 ± 0.8% 71.9 ± 1.3% 0.390 ± 0.013 0%
Expected 28.6% 71.4% 0.4 0%

1:3 Observed 25.8 ± 0.5% 61.3 ± 1.8% 0.42 ± 0.02 12.9 ± 0.8%
Expected without allostery 23.8 ± 1.4% 59.0 ± 2.0% 0.40 ± 0.02 17.2 ± 2.4%

Expected with maximum allostery 11.0 ± 1.8% 71.8 ± 2.8% 0.15 ± 0.03 17.2 ± 2.4%

Observed populations are calculated from peak volumes, corrected for differential transverse relaxation. See Materials and Methods
for details about concentrations used.
*Concentrations of 20S CP and 11S RP are 22 and 65 μM, respectively. Note that there are two populations of 20S CPs, corresponding to
the NMR invisible symmetric complex where both α7-rings are MII+M6A+S95C (46%), and a second 20S CP (54%) comprising one
M1I+M6A+K66A+S95C α7-ring (NMR active) + one NMR inactive M1I+M6A+S95C α7-ring.
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11S RP, nor by drastically changing the gating equilibrium on one
side of the CP or by modification of the pathway via mutation. The
physical basis for why the allosteric pathway extends for only half
of the proteasome is not currently understood. A previous NMR
study establishes that, while the chemical shift changes that ac-
company proteasome perturbations have enabled delineation of
an allosteric pathway, the changes to the overall structure are
subtle, likely involving slight rotations about the interfaces between
adjacent protomers (47). Notably, in a very recent combined bio-
chemical, cryoelectron microscopy study that has appeared in
bioRxiv, Cheng and coworkers (62) demonstrate that binding of
the WT 11S RP at one end of the proteasome has no effect on
gating at the opposite side, in agreement with our findings. How-
ever, when a modified 11S is used that substitutes the final eight
C-terminal residues for those in the PAN activator that includes a
HbYX (hydrophobic, tyrosine, any residue) motif, or when PAN
itself is used, opening of the gate at one end leads to a similar
opening 150 Å removed. It therefore appears that binding-induced

gating cooperativity depends on the interacting RP and whether or
not it contains a HbYX motif. The exact mechanism is not clear,
but rotation of the α-subunits in the ring to which activator is
bound is thought to be critical (62). Interestingly, however, rotation
of the α-subunits in the distal ring that is not bound to the HbYX-
containing activator does not seem to occur, suggesting that a
distinction between RP-bound and -unbound halves of the pro-
teasome still remains and that binding of a RP at one end cannot
enforce some of the same structural changes at the other side.
Our work establishes that the allosteric network that we observed

previously and that could be manipulated through point mutations
at key residues or by the binding of the 11S RP does not extend
beyond one-half of the proteasome. The fact that this pathway is
limited may be significant. Biochemical experiments have estab-
lished that, at least in eukaryotic cells, “hybrid” proteasomes exist,
consisting of different RPs, such as the ATP-dependent 19S
(PA700) and the ATP-independent 11S (PA28), on opposite ends
of the molecule (63–65). These complexes were estimated to
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Fig. 4. Testing long-range allostery in the 20S CP through gate mutation. (A–E) Spectral regions highlighting correlations from M-1out and M-1in are shown,
along with traces (gray dashed lines) indicated above each of the set of plots. (A and B) Symmetric 20S CPs were generated where both α7-rings are NMR
active and contain either M1I+M6A+S95C (A) or Gly-rich+S95C (B) α-protomers, as controls. (C and D) A pair of asymmetric CPs has been prepared, containing
Gly-rich+S95C (blue) and M1I+M6A+S95C (yellow) α7-rings at opposite ends of the molecule. One of the two α7-rings is ILVM-13CH3 labeled, as indicated with
an asterisk (*). (E) A last control sample contained a mixture of a pair of symmetric 20S CPs, one with ILVM-13CH3 M1I+M6A+S95C α7-rings and a second
composed of unlabeled Gly-rich+S95C α7-rings in the ratio 3:7. See text for further details.

Table 3. Populations of in gates in 20S CPs containing Gly-rich α7-rings

20S CP type Gate type In

Symmetric ILVM-13CH3 M1I+M6A+S95C 28.8 ± 0.6%
ILVM-13CH3 Gly-rich+S95C <2%

Asymmetric ILVM-13CH3 M1I+M6A+S95C/unlabeled Gly-rich+S95C 35.0 ± 0.5%
ILVM-13CH3 Gly-rich+S95C/unlabeled M1I+M6A+S95C <2%

Mixture of symmetric CPs 30% ILVM-13CH3 M1I+M6A+S95C + 70% unlabeled Gly-rich+S95C 34.9 ± 0.8%

Observed populations are calculated from peak volumes, corrected for differential transverse relaxation.
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account for about 25% of all proteasomes in extracts from HeLa
cells and were found to be up-regulated by IFN-γ64, a cytokine
that modulates the immune system (66). Notably, the different
RPs that are bound to hybrid proteasomes have different biolog-
ical roles. For example, the 11S RP stimulates the release of

peptide products that, in turn, play a role in the immune system
(39, 40, 67–69), while the 19S RP recognizes ubiquitinated sub-
strates and feeds them into the CP for degradation (9, 23, 24).
While binding of an 11S RP can stimulate a path in the
proteasome-half with which it interacts, restricting the extent of
the resulting structural changes to a single α7–β7 unit in some cases
may increase the functionality of the CP by allowing it to be re-
sponsive to separate RPs in the case where they are bound si-
multaneously. Alternatively, in cases where only one end of the CP
is capped by an 11S RP, maintaining a closed gating conformation
at the second side may play a role in ensuring that indiscriminate
degradation of substrates does not occur.

Materials and Methods
Protein Production. The 11S RP from Trypanosoma brucei (perdeuterated)
(44) was expressed with an N-terminal His6-TEV sequence, T. acidophilum
20S CP β subunits (unlabeled) were expressed with an N-terminal NusA-His6-
TEV sequence, and T. acidophilum ILVM-13CH3–labeled α-subunits included
an N-terminal His6-SUMO sequence. Finally, a His6-SUMO-Strep-tag II-TEV
sequence was added to the N terminus of α-subunits for expression in un-
labeled media [Strep-tag II = Trp-Ser-His-Pro-Gln-Phe-Glu-Lys (56)]. Protein
expression was carried out using BL21 (DE3) Escherichia coli cells.

All unlabeled proteins were expressed in LB broth using an incubator
shaker, expect for the β-subunits where expression was performed using TB
broth via a single 10-L growth in a fermenter to maximize yield. Perdeuterated
11S and ILVM-13CH3–labeled α-subunits were expressed in M9 minimal media,
99% D2O, with d7-glucose as the sole carbon source. For selective ILVM methyl
labeling, 100 mg/L [e-13C]-methionine (CLM-206-PK; Cambridge Isotope Labo-
ratories), 60 mg/L α-ketobutyric acid (CDLM-7318; Cambridge Isotope Labora-
tories), and 100 mg/L α-ketoisovaleric acid (CDLM-7317; Cambridge Isotope
Laboratories; one of the two isopropyl methyl groups is 13CH3, the second is
12CD3) were added 1 h before the induction of protein overexpression (52, 53).
Cells were grown at 37 °C until OD ∼ 0.8, and then induced using 0.25 mM IPTG
with overnight protein expression at room temperature. Cells resuspended in
50 mM sodium phosphate buffer, pH 7.8, 0.5 M NaCl, were lysed by sonication
in the presence of DNase I and protease inhibitors, and the soluble cellular
fraction was passed through a HisTrap column (GE Healthcare) and sub-
sequently eluted with 0.3 M imidazole in 100 mM sodium phosphate buffer,
pH 7.8. The N-terminal tags were then cleaved either with TEV protease (11S,
β-subunit) or with UlP1 protease (α-subunit) and the protein passed again
through the HisTrap column, collecting the flow-through. The final purifica-
tion step involved size-exclusion chromatography with a Superdex 200 column
(11S, α-subunit) in 50 mM sodium phosphate buffer, pH 7.8, 100 mM NaCl or
anion exchange chromatography (β-subunit) using a HiTrap Q column (GE
Healthcare) in Tris·HCl buffer, pH 8, and a NaCl gradient between 0 and 0.6 M.

Production of Asymmetric 20S Core Particles. ILVM-13CH3–labeled α-subunits,
unlabeled α-subunits with an N-terminal Strep-tag II-TEV sequence, and un-
labeled β-subunits were mixed at a 1:1:≥2 ratio, respectively; the β-subunit was
added in excess of the strictly required 1:1:2 ratio to increase the yield of 20S
CPs that were produced. Since equal amounts of the two starting α-subunits
were used, it is expected that 20S CPs will be produced where 50% are
asymmetric (α7ILVM-β7-β7-α7; note that mutations are added to the labeled or
unlabeled α7-rings, depending on the experiment, as described in the text),
25% are symmetric and unlabeled, and the last quarter is symmetric with both
α7-rings ILVM-13CH3 labeled (see schematic of Fig. 1F). The concentration of
each of the two types of α-rings (labeled and unlabeled) was ∼1 to 2 μM in a
volume of about 70 mL, and incubation occurred overnight at 37 °C. The
mixture was passed through a 1.0-μm filter and concentrated at 4 °C in Amicon
Ultra-15 centrifugal filter units with 100-kDa cutoffs before injection on a
Superdex 200 size-exclusion column equilibrated in 50 mM sodium phosphate
buffer, pH 7.8, 100 mM NaCl. Size-exclusion chromatography was repeated at
least a second time to minimize residual α7-rings in the 20S CP fraction. Puri-
fied 20S CPs were then passed through a Strep-Tactin column (StrepTrap HP;
GE Healthcare), and the eluant collected upon addition of 2.5 mM desthio-
biotin. The N-terminal Strep-tag II was then cleaved with TEV protease and the
sample passed again through the Strep-Tactin column, collecting the flow-
through. This procedure generates two types of 20S CPs for NMR, including
the desired asymmetric particles where one of the two α7-rings is ILVM-13CH3

labeled, as well as symmetric particles that are not NMR labeled and hence
invisible in experiments.

The quantities of protein in the flow-through and eluted fractions from
the Strep-Tactin column were quantified by absorbance at 280 nm (Fig. 1F).
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Fig. 5. Testing long-range allostery in the 20S CP via L81V mutations. (A) A
pair of asymmetric proteasomes has been prepared, containing either an
S95C (green frame) or an L81V+S95C (gray frame) α7-ring that is not NMR
active at one end, and an ILVM-13CH3 M1I+M6A+S95C α7-ring at the other
end (*). An additional 20S CP (symmetric) was generated where both α7-rings
are NMR active (*) and contain the L81V substitution (red frame), as a
control. (B) Spectral regions of a 13C–1H HMQC dataset containing selected
peaks derived from residues that are part of the allosteric pathway linking
the α-subunits with the βT1 active sites. Shown with red, gray, and green
contours are correlations derived from M1I+M6A+L81V+S95C symmetric
(construct in red frame), M1I+M6A+S95C/L81V+S95C asymmetric (gray frame),
and M1I+M6A+S95C/S95C asymmetric (green frame) CPs. The positions of
these residues are indicated in the expanded structure shown in C, Right, by
the blue spheres, with the red spheres denoting side-chain atoms of the mu-
tated L81 residue. Surrounding α- and β-subunits are shown as yellow and
white surfaces, respectively, as highlighted in the full structure on the Left.
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Notably, although 25% of the total protein was expected in the flow-
through (f.t.), a higher proportion was observed, the result of proteasomal
degradation of all seven Strep-tags in some of the α7-rings. The fraction of
desired asymmetric 20S CPs in the NMR sample (i.e., in the eluted fraction),
p(asymmetric), can be calculated as follows: Let the fraction of protein in the f.t.
be p(f.t.). Then, p(f.t.) = 0.25 + 0.25f2 + 0.5f, where f is the probability that all
Strep-tags in an α7-ring are degraded. Note that the second term derives from CPs
where both α7-rings were originally Strep-tagged, while the third term corre-
sponds to CPs where one of the rings was originally tagged, and in both cases
all of the tags were cleaved by proteasomes during the purification process.

The value f can be calculated to be f =−1+ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðf . t. Þp

, fromwhich the fraction
of total eluted protein (i.e., not in flow-through) can be obtained, as 0.25
(1 − f2) + 0.5 (1 − f). Thus, p(asymmetric) = 0.5 (1 − f)/{0.25(1 − f2) + 0.5 (1 − f)},

so that pðasymmetricÞ= ð1− ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðf . t. Þp Þ=ð1−pðf . t. ÞÞ. Note that in the absence

of degradation of the Strep-tag, p(f.t.) = 25% and p(asymmetric) = 66.7%. In
the limit of complete degradation it can be calculated that

lim
pðf . t. Þ→1

pðasymmetricÞ= lim
pðf . t. Þ→1

1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðf . t. Þp

1−pðf . t. Þ = lim
pðf . t. Þ→1

−1
.�

2 ·
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðf . t. Þp �

−1
= 50%.

As the change in p(asymmetric) is small, from 50 to 66.7%, as p(f.t.) varies
from 100 to 25%, any error in p(f.t.) (estimated to be less than 5%) translates
into a small uncertainty in the calculated p(asymmetric) value (less than 1%).

NMR Experiments. NMR experiments were performed on Bruker Avance III HD
14.1 T (all of the experiments with single α7-rings; Fig. 2) or 18.8 T (all of the
experiments with 20S CPs; Figs. 3–5) spectrometers equipped with cryo-
genically cooled, x,y,z pulsed-field gradient triple-resonance probes. 13C–1H
HMQC experiments were recorded on ILVM-13CH3–labeled proteins dis-
solved in D2O buffer containing 25 mM potassium phosphate, pH 7.5, 50 mM
NaCl, 0.03% sodium azide, and 1 mM EDTA. All NMR experiments with the
11S RP were acquired at 40 °C, while the other datasets recorded of the
isolated 20S CP (those in Figs. 4 and 5B and SI Appendix, Figs. S4 and S5)
were measured at 60 °C. In order to obtain robust estimates of fractional
populations of states from their corresponding peak intensities, it is im-
portant to correct for differential magnetization losses from 1H transverse
relaxation during transfer times from 1H to 13C and back in HMQC experi-
ments. 1H R2 rates of the in and out resonances (M-1) were measured using a
modified 2D 13C–1H HMQC experiment, which included a chemical shift and
scalar coupling refocused relaxation delay immediately prior to recording 1H
magnetization (t2), as described previously (21, 57).

Estimation of Fractional Populations of States. Peak volumes were obtained by
integration over boxes using the nmrDraw (70) suite of programs for data analysis.
Volumes were adjusted to account for different 1H R2 rates by multiplication with
the factor expðR2 ·0.0072Þ (21), where 7.2 ms is the total constant-time evolution
of 1H magnetization during which it dephases and then rephases from the one
bond 1H–13C scalar coupling. R2 values for the peaks derived from the two in, one
out, and one tethered conformations of M-1 in the individual α7-rings, measured
at 14.1 T (40 °C), are 36.5 ± 1.1, 28.9 ± 3.2, 6.79 ± 0.13, and 31.5 ± 0.5 s−1, re-
spectively. 1H R2 rates, measured at 18.8 T (40 °C), for the corresponding peaks of
α−M-1 in the 20S CP are 70.8 ± 2.4, 61.1 ± 1.5, 10.40 ± 0.06, and 62.4 ± 1.7 s−1,
respectively. Finally, 1H R2 rates, measured at 18.8 T (60 °C), for the two in
peaks and one out peak of α−M-1 for M1I+M6A+S95C gates in the 20S CP
are 41.2 ± 2.9, 42.6 ± 1.6 and 9.5 ± 0.2 s−1, respectively, while 1H R2 rates
for the two out peaks of α−M-1 for the Gly-rich gates in the 20S CP are
12.4 ± 0.2 and 16.1 ± 0.6 s−1.

Calculation of Fractional Populations of Five States of Fig. 2B.
M1I+M6A+S95C single α7-ring + 11S. Total concentrations of α7-rings ([α7]T)
and 11S particles ([11S]T) were [α7]T = 13.6 μM and [11S]T = 40.7 μM, re-
spectively (1:3). Values for p(in) = p(A) + p(C), p(out) = p(B) + p(D), and
p(tet) = p(E), corrected for differential 1H relaxation (see above), are listed in
Table 1 (Fig. 2 B and C). From the extracted, corrected volumes, it follows
that p(A) + p(C) = 12.0 ± 0.8%, p(B) + p(D) = 24.4 ± 4.0%, and p(E) = 63.6 ±

4.5%. The relative volumes of the L81δ1 peaks that report on 11S bound
and free α7-rings in this case provide an additional constraint, p(C) + p(D) +
p(E) = 89 ± 3%. Finally, p(A) is set to 0.4 · p(B), as both the present and
previous studies (19, 21, 47) have shown that two of seven gates are local-
ized to the in position. These five equations can be solved to yield the p(J)
values listed in the text and the values of p(J) along with [11S]T and [α7]T
used to calculate KI

D = ð½A�+ ½B�Þ · ½L�=ð½C�+ ½D�+ ½E�Þ = 3.5 ± 1.2 μM. Values for
the conditional probabilities p(injIBD) = p(C)/[p(C) + p(D) + P(E)], p(outjIBD) =
p(D)/[p(C) + p(D) + P(E)], and p(tetjIBD) = p(E)/[p(C) + p(D) + P(E)] are calcu-
lated to be 10.0 ± 2.0%, 18.5 ± 4.1%, and 71.5 ± 5.4%, respectively.
M1I+M6A+K66A+S95C single α7-ring + 11S. All concentrations are as for
M1I+M6A+S95C single α7-ring + 11S above. From the relaxation corrected
cross-peak volumes it follows that p(A) + p(C) = 23.2 ± 1.7%, p(B) + p(D) =
57.7 ± 2.4%, and p(E) =19.2 ± 1.1%; p(A) is set to 0.4 · p(B). The absence of a
L81δ1 peak for the 11S bound state implies that binding is somewhat dif-
ferent from for the K66 α7-ring, as expected since a stabilizing salt bridge
that is normally formed between each K66 of the seven α-ring protomers
and the C-terminal residue of each of the seven subunits of the 11S RP is now
absent (Fig. 2E). The second prong of the interaction, involving the so-called
11S activation loop (42), is still present. We distinguish the higher-affinity
interaction involving both prongs and the lower-affinity interaction in-
volving only the activation loop by I and II, respectively. The system of
equations listed above are underdetermined. We assume, therefore, that
p(tetjIIBD) = p(tetjIBD), from which the values of p(J) reported in the text are
obtained. KII

D = ð½A�+ ½B�Þ · ½L�=ð½C�+ ½D�+ ½E�Þ is calculated to be 101 ± 14 μM.

Distinguishing between Models of Complete and No Cooperativity via 11S
Binding Experiments. NMR samples of the 20S CP have been prepared as
described above, containing symmetric CPs (M1I+M6A+S95C α7-rings, NMR
invisible) and asymmetric (1 NMR-active M1I+M6A+K66A+S95C α7-ring + 1
NMR-inactive M1I+M6A+S95C α7-ring) CPs (Fig. 3A). Concentrations of the
20S CP and of the 11S RP are 22.4 and 64.6 μM, respectively, and since 46%
of the CPs were symmetric, the total concentration of K66 α7-rings (high
affinity, I) is [PI]T = 22.4 μM · 0.46 · 2 + 22.4 μM · 0.54 · 1 = 32.7 μM and,
similarly, the concentration of K66A rings is [PII]T = 12.1 μM. The relative
fractions of bound K66 α7-rings p(IBD) and of bound K66A α7-rings p(IIBD) can
be calculated from the simultaneous equilibria,

PI + L ��! ��KI
D PIL, PI =K66  α7-rings

PII + L ��! ��KII
D PIIL, PII =K66A  α7-rings.

It can be shown that

½L�3 + �½PI�T−α+KI
D

�½L�2 + �½PI�T ·KII
D − β−KI

D ·α
�
· ½L�−KI

D · β= 0

α= ½L�T −KII
D − ½PII�T

β= ½L�T ·KII
D

½PIL�= ½PI�T · ½L�
KI
D + ½L�

½PIIL�= ½PII�T · ½L�
KII
D + ½L� ,

from which p(IBD) = [PIL]/[PI]T and p(IIBD) = [PIIL]/[PII]T can be calculated
(0.90 ± 0.03 and 0.24 ± 0.03, respectively).

Data Availability Statement. All data discussed in the paper will be made
available to readers upon request.
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