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Developments in solution NMR spectroscopy have significantly
impacted the biological questions that can now be addressed by
this methodology. By means of illustration, we present here a per-
spective focusing on studies of a number of molecular machines
that are critical for cellular homeostasis. The role of NMR in eluci-
dating the structural dynamics of these important molecules is
emphasized, focusing specifically on intersubunit allosteric com-
munication in homo-oligomers. In many biophysical studies of
oligomers, allostery is inferred by showing that models specifically
including intersubunit communication best fit the data of interest.
Ideally, however, experimental studies focusing on one subunit of
a multisubunit system would be performed as an important com-
plement to the more traditional bulk measurements in which sig-
nals from all components are measured simultaneously. Using an
approach whereby asymmetric molecules are prepared in concert
with NMR experiments focusing on the structural dynamics of indi-
vidual protomers, we present examples of how intersubunit allo-
stery can be directly observed in high-molecular-weight protein
systems. These examples highlight some of the unique roles of
solution NMR spectroscopy in studies of complex biomolecules
and emphasize the important synergy between NMR and other
atomic resolution biophysical methods.

methyl-TROSY j human high-temperature requirement A2 protein j
proteasome j ClpP1P2 j p97/VCP

S tructural biology, as the name implies, is heavily biased
toward the generation of high-resolution biomolecular

structures and their interpretation to understand function.
Detailed three-dimensional images of proteins have been forth-
coming from X-ray crystallography since the late 1950s with the
publication of the structure of sperm whale myoglobin by Ken-
drew et al. (1) and followed subsequently by the structure of
human hemoglobin by Muirhead and Perutz in 1963 (2). Since
these early seminal achievements, the number of available pro-
tein structures has grown exponentially, providing detailed
insights into the nature and types of secondary, tertiary, and
quaternary structural elements, the mechanisms by which these
are stabilized in proteins, and, more generally, how a large vari-
ety of different molecular systems might function. A second
high-resolution structural method, solution NMR spectroscopy,
emerged in the 1980s, largely fueled by a collaboration between
Kurt W€uthrich and Richard Ernst. This led, in 1985, to the first
three-dimensional solution structure of a protein, the protein-
ase inhibitor IIA from bull seminal plasma (3). More recently,
electron cryomicroscopy (cryo-EM) has emerged as a forefront
technology for studies of biomolecular structure (4), and while
the focus has been on large molecular complexes, there is great
optimism that structures of proteins less than 100 kDa may also
become routinely available using this approach (5).

With the emergence of cryo-EM, the continued development
and application of X-ray methods, and significantly improved

predictive algorithms of structure based on artificial intelligence
(6, 7), the role of solution NMR spectroscopy as a tool for elu-
cidating detailed structures of proteins has become more
ambiguous than in the past. Most certainly, there will still be a
need for the experimental determination of atomic resolution
structures of relatively small proteins and their complexes in
cases in which other structural modalities fail, and the unique
ability to investigate molecules in their more natural physiologi-
cal solution state remains an attractive feature of NMR. Yet
both X-ray and cryo-EM methods provide, in general, a more
facile and rapid approach for determining structure than NMR
spectroscopy. Furthermore, while the motivation behind any
X-ray or cryo-EM study is based on the determination of a
high-resolution structure (or structures) to inform on some
aspect of function as a de facto initial goal, NMR applications
can often be, at least initially, less well focused. This has led,
over the past several years, to a reevaluation of the role of
biomolecular solution NMR spectroscopy in structural biology
and biophysics, as its impact as a tool for solving structures
has diminished. Yet advances in solution-state NMR studies
have been remarkable over the past decades (8–15), and, now
much more than ever before, it is possible to address a wide
range of questions focusing on the kinetics, thermodynamics,
and dynamics of interactions, both intra- and intermolecular,
involving a wide range of biomolecular conformers from folded
to intrinsically disordered (16). Insights provided by such stud-
ies, pertaining to both biological function and misfunction, are
most often simply not available using other technologies.
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In the perspective that follows, we have chosen to focus on
studies of protomer cooperativity and allostery in molecular
machines, one area of research in the laboratory, so as to pro-
vide examples of how NMR can uniquely shape our under-
standing of protein science in a manner that is complementary
to other biophysical approaches. We have particularly chosen
this topic because it is generally not well appreciated that solu-
tion NMR spectroscopy can be used to provide quantitative
insights into the structural dynamics of large protein complexes
with aggregate molecular weights in the many hundreds of kilo-
daltons. In what follows, the goal is not to be inclusive but to
initially focus briefly on the methodology that has led to these
applications and then to choose a few examples from systems
that we have worked on for the past several years, highlighting
unique features that can be obtained through NMR studies.

Results and Discussion
Methyl Transverse Relaxation Optimized Spectroscopy as a Tool to
Explore Structural Dynamics in Molecular Machines. A contributing
factor to the success of solution NMR for studies of high-
molecular-weight proteins has been the development of trans-
verse relaxation optimized spectroscopy (TROSY) as a tool to
improve spectral sensitivity and resolution (8, 17). The basic
principle behind this technique involves the net suppression of
fluctuating magnetic fields whose time dependence derives
from molecular tumbling and internal motions. Although these
local fields are typically more than four orders of magnitude
smaller than the static magnetic field of the spectrometer, their
effects on NMR spectra can be profound, as their time depen-
dence leads to a rapid decay of NMR signals in the case of large
molecules (18). The reduction of these local fields, therefore, is
highly desirable. The first application of TROSY involved amide
1H-15N spin pairs in which one-half of the inherent signal in
two-dimensional amide spectra derives from slowly relaxing com-
ponents that “feel” reduced effective local fields (8). So called
amide-TROSY, this innovation has had a major impact on
increasing the size of protein molecules amenable to routine
study to ∼50 to 100 kDa (19), with the exact molecular weight
limit very much dependent on the overall shape of the protein
under investigation as well as on the internal dynamics of the
molecule. In cases in which these dynamics are on the micro- to
millisecond timescale, they can give rise to a “blurring” of the sig-
nals, thus decreasing the utility of this approach.

A long-standing goal of one of us (L.E.K.) has been to develop
methodology to study the structural dynamics of much larger sys-
tems than 50 to 100 kDa in an effort to complement the beautiful
and highly informative, albeit static, high-resolution structures of
molecular machines that have been and continue to be produced
by crystallographic studies and, more recently, by cryo-EM. What
emerged, building upon techniques for labeling methyl groups in
proteins as 13CH3 in an otherwise deuterated background (20,
21), was what is now referred to as methyl-TROSY (17). The
underlying physics behind the methyl-TROSY approach is based
on quantum mechanics and is considerably more involved than
for its amide-TROSY counterpart, as there are four NMR spins
(13C-H3) rather than two (15N-1H), giving rise to a much more
complex spin energy-level diagram that has to be navigated in the
construction of experiments. Nevertheless, an intuitive feel for
the methyl-TROSY effect can be partially (and simply) obtained
by consideration of some concepts in NMR that are covered in
any freshman-level course in organic chemistry. The basic ideas
are discussed here without any attempt at rigor so as to illustrate
qualitatively the power of spin alchemy that is exploited in one
form or another in all NMR experiments (22). Fig. 1 A, Left
shows a one-dimensional 13C NMR spectrum of an isolated
methylene group (13CH2) in a small molecule that tumbles
rapidly in solution. Attached to the 13C nucleus is a pair of

hydrogens (referred to as protons in what follows) that affect the
energy of the carbon nucleus through an interaction that is medi-
ated via the shared electrons in each C-H bond. Each 13C-1H
interaction leads to a pair of lines in a 13C NMR spectrum, sepa-
rated by a fixed distance called the coupling constant and
denoted by JHC. Because there are two 1Hs in a 13CH2 spin sys-
tem, the 13C spectrum of a methylene group consists of three
lines (Fig. 1 A, Right) with the ratio of intensities of the lines
given by 1:2:1. As a small molecule is being considered, it is
assumed that the three lines decay at very similar rates. In the
case of an application involving a protein for which the tumbling
is much slower and when the methylene group is rigidly affixed
to the molecule, there are still three components to the 13C spec-
trum, but the central component relaxes approximately twofold
faster than the outer lines so that a triplet with an approximate
1:1:1 intensity is observed (Fig. 1B). In contrast, if the 13CH2

group is attached to a chain that rotates rapidly about an averag-
ing axis along which both C-H vectors have equivalent projec-
tions, then the spectrum of Fig. 1C is obtained, for which the
central line is narrowed. Such a situation arises for a methylene
of a fatty acid chain in a biological membrane in which there is
rapid averaging about the long axis of the chain. For the case of
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Fig. 1. Methyl-TROSY NMR. (A, Left) 13C NMR spectrum of an isolated
13CH2 fragment attached to a small molecule. A triplet is observed with
each line separated from the next by JHC ∼130 Hz, where JHC is the one-
bond 1H-13C scalar coupling constant. (Right) Schematic illustrating why a
1:2:1 triplet structure is observed for a 13CH2 moiety. An isolated 13C
nucleus gives rise to a single line, which in turn is split into two lines in
the case of a methine group. Each line is subsequently spilt into an addi-
tional pair of lines in the case of a methylene. Assuming that all 1H-13C JHC
values are the same, a triplet results with the middle line twice more
intense than the outer lines. (B) When the methylene group is rigidly
affixed within a large molecule, such as a protein, a triplet is still observed,
but the linewidth of the middle line (denoted by 2a) is approximately two-
fold larger than the outer lines so that the intensities of each component
are similar. (C, Left) As in B except for a mobile methylene in which there
is free rotation about an averaging axis, as indicated. This scenario occurs
for fatty acids in a bilayer in which rapid rotation about the long axis of
the fatty acid (bilayer normal) occurs. In this case, the motion leads to a
reduction of all three linewidths, but particularly for the middle line,
where local magnetic fields generated by the geminal 1H spins do not
lead to line broadening (23). (Right) Methyl groups experience rapid rota-
tion about a threefold symmetry axis formed by the bond connecting the
methyl carbon and the adjacent atom. Creation of a “super spin” compris-
ing the 13C and one of the 1H nuclei of the methyl (red) results in a slowly
relaxing middle line that can be exploited in studies of high-molecular-
weight biomolecules.
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an isolated methylene group that averages in this way, the time-
dependent magnetic fields from the pair of proton spins directly
bonded to the 13C nucleus that would normally dictate the line-
width of the central component (middle line) cancel for large
molecules (23) and thus do not contribute to its signal decay.
Clearly, NMR applications that could exploit such a narrow line
would benefit significantly from improvements in resolution and
sensitivity. But how to generate this situation in proteins, as
methylene groups are not typically rapidly rotating about an aver-
aging axis to create the spectrum shown? The secret lies in 1)
using methyl groups, as these do rotate rapidly around a three-
fold averaging axis, typically with rates of 1010 to 1012 s�1 (24, 25)
and 2) in convincing a methyl group to behave like a methylene
during certain periods of the experiment. It turns out that the lat-
ter requirement can be achieved by creating a “super spin” com-
prising the 13C and one of the 1Hs (shown in red in Fig. 1C). In
the methyl-TROSY effect, the super spin is analogous to the 13C
spin of a methylene in that there is a pair of bound protons
(black in Fig. 1C) so that an analogous spectrum to that obtained
for a methylene can now be obtained for a methyl. To understand
how the super spin is created requires a bit of quantum mechan-
ics, but the effect can be readily achieved using a standard NMR
experiment termed HMQC (heteronuclear multiple quantum
coherence) (26, 27) that is very easily implemented. This discus-
sion has only focused on one aspect of methyl-TROSY, namely,
line narrowing in the 13C dimension of the experiment, and is
superficial in many ways, yet it hopefully illustrates how very sim-
ple pictures can be used to direct the development of experi-
ments that are specifically tailored for a desired application. The
interested reader is referred to a number of papers that discuss
the methyl-TROSYeffect in great detail (17, 28, 29).

In order to fully exploit the methyl-TROSY effect, as for
amide-TROSY, it is necessary to produce molecules that are
highly deuterated, with the exception of the methyl groups, of
course. This ensures that local magnetic fields derived from
hydrogens proximal to the methyl probes are minimized (the
size of the deuteron bar magnet is ∼1/7th that of the proton
and the rate of signal decay scales as the square of the local
magnetic field strength). Robust methods for producing such
proteins have been described in the literature (21, 30), and typi-
cally highly deuterated molecules labeled as Ile CδH3, Leu
CδH3, Val C

γH3 are produced [in general, only one of the pro-
chiral Cδ/Cγ methyls of Leu/Val are labeled (20, 31) and often
supplemented by 13CεH3 labeling of Met (13)]. In what follows,
we refer to these proteins as U-2H, ILVM-13CH3–labeled mole-
cules. Precursors are now commercially available for the pro-
duction of highly deuterated proteins with 13CH3 labeling at
any of the methyl positions of the six methyl-containing amino
acids.

Having provided a brief description of the methodology
employed, we now focus on examples from four protein com-
plexes so as to emphasize the functional insights that can be
obtained on a variety of different molecular systems.

Interprotomer Allostery in the Proteostasis HtrA2 Enzyme Controls
Function. The human high-temperature requirement A2
(HtrA2, 105 kDa) mitochondrial enzyme plays essential roles in
cellular activity, functioning as a stress-protective protease
(32–35), with mutations in the protein giving rise to a series of
neurological disorders including Parkinson’s disease and essen-
tial tremor (36, 37). X-ray studies reveal a trimeric architecture
in which individual protomers, each comprising one PDZ and
one protease domain, are arranged in a pyramid-like structure
(38) (Fig. 2A). The PDZ domain is juxtaposed on the protease
domain such that the catalytic triad is sequestered, as is a bind-
ing region on the PDZ domain that interacts with carboxyl-
terminal residues of substrates. As the only available structure
is of an inactive, substrate-free closed form of the enzyme (38),

it remains unknown how substrate binding leads to HtrA2 acti-
vation or whether protomers communicate with each other
during the activation process. Some evidence that intersubunit
allostery is prevalent is available from a recent methyl-
TROSY–based NMR study showing that ligands successively
bind to PDZ domains with increasingly higher affinities, result-
ing in a change of subunit structure from a closed to an open
state (Fig. 2A) (39). In what follows, we will refer to these
ligands, mimicking carboxyl-terminal sites of protein substrates,
as PDZ-peptides. Additionally, the NMR study revealed that
trimers can form hexamers, either in apo- or PDZ-peptide
bound states, but that the hexamer affinity for PDZ-peptides is
markedly reduced relative to the trimer so that ligand binding
to the hexamer can be ignored. The best fit models to peak
intensities in NMR spectra recorded as a function of added
PDZ-peptide were those that included intersubunit allostery.
Allostery is thus inferred exclusively from an analysis of bulk
signals (i.e., all protomers contribute) and goodness of model
fitting, as is most often the case in biophysical studies, rather
than from direct evidence as to how an individual protomer
responds as neighboring subunits are perturbed through
ligand binding.

In an effort to control the peptide-bound state of each proto-
mer, a cysteine-based strategy has been used in which subunits
are prepared that are either disulfide locked, mimicking the
closed state, or stapled with PDZ-peptide (i.e., PDZ-peptide
covalently linked to the PDZ domain at E425 via a Cys-based
chemistry approach), serving as a mimic of a stable open struc-
ture (40) (Fig. 2B). Symmetric trimers prepared in this manner
(NMR invisible) are then mixed in a prescribed ratio with
NMR active trimers (i.e., 13CH3 methyl–labeled) without the
Cys modifications (in the example of Fig. 2B 9:1), and the pro-
teins are unfolded and subsequently refolded to generate a dis-
tribution of configurations A through D as highlighted in Fig.
2B, in which only configurations B through D are NMR visible.
By skewing the population of NMR-inactive (gray) to NMR-
active (green outline, protease and PDZ domains denoted in
pink and blue, respectively) protomers in a 9:1 ratio, it is possi-
ble to engineer a dominant HtrA2 configuration (configuration
“B”) in which the NMR-visible subunit has either all closed or
all open NMR-invisible neighbors. NMR titrations of this set of
molecules (Fig. 2 C, Top and Bottom) allow a direct measure-
ment of the first (two neighboring closed protomers) and third
(two neighboring ligated, open protomers) PDZ-peptide bind-
ing constants that are in excellent agreement with the values fit
using bulk signal measurements (Fig. 2A).

In order to understand the origin of the differences in affin-
ity associated with successive ligand-binding events, the NMR
spectra of the samples shown in Fig. 2 D, Top Left are com-
pared (Bottom Left). Although the spectra are very similar,
indicating that the NMR-visible protomer remains in the closed
state irrespective of the open/closed status of neighboring subu-
nits, there are important differences. A marked reduction in
some of the peak intensities is observed for the asymmetric
sample, indicating increased millisecond–microsecond time-
scale dynamics, while small, but clear, chemical shift differences
are also noted. These changes in dynamics and chemical shifts
map to the intrasubunit interface between protease and PDZ
domains as well as to intersubunit regions that make
protease–protease domain contacts (Fig. 2 D, Right). A picture
thus emerges whereby the changes to intersubunit protease
contacts leads to conformational heterogeneity at the intrado-
main interface, priming the closed subunit to open and subse-
quently bind substrate (40).

The mixing experiments used in the NMR studies are also
valuable in establishing how the activity of a given subunit
depends on neighboring protomers. For example, peptidase
assays, performed on samples prepared by mixing disulfide
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Fig. 2. Intersubunit cooperativity modulates HtrA2 function (40). (A) Schematic of PDZ-peptide binding to the HtrA2 trimer (39) along with the crystal
structure of trimeric HtrA2 [Protein Data Bank (PDB) identification (ID): 1LCY (38)]; values of association constants for each binding step are indicated.
The protease and PDZ domains of a subunit are in the closed configuration prior to binding PDZ-peptide, after which an open structure is formed (39).
(B) Summary of the strategy used to produce mixed trimers. Trimers are shown by three circles, where the gray circles indicate NMR-invisible, disulfide-
locked or PDZ-peptide–stapled (attached) subunits, while the green circles correspond to NMR-visible, no-Cys, protomers. Configurations B and C are
NMR active (signal is not observed from D as the population is too low), with the majority of the signal derived from B. (C) Schematic of configurations
reporting on binding of PDZ-peptide to (Top) P3 (apo HtrA2) and (Bottom) P3L2. The resulting affinity constants agree with those obtained from fits of
titration data recorded on symmetric samples in A. (D) Selected region of 13C-1H HMQC spectra recorded on symmetric and asymmetric samples, as illus-
trated (Top), highlighting small chemical shift perturbations (CSPs) and significant intensity differences between spectra. proR ILVM methyl groups with
significant CSPs (Bottom Left, light orange > 1 SD and deep red > 2 SD spheres) and differences in motion (Bottom Right, magenta spheres) mapped
onto the HtrA2 protomer (PDB ID: 1LCY). Other methyl groups are shown in light pink (protease) and blue (PDZ). (E, Left) Binding of substrate peptides
to symmetric, open (PDZ-peptide–bound) HtrA2 results in large CSPs that likely reflect a concerted structural change that leads to an active conformation.
(Right) In contract, no CSPs are observed when substrate is added to an asymmetric sample with one or two locked, closed subunits, indicating that the
concerted conformational transition to the active state cannot occur. (F) The S276C disease mutant prevents a concerted conformational change upon
addition of substrate, for both symmetric (all protomers are S276C) and asymmetric (one or two S276C protomers) samples. For asymmetric samples in E
and F, only protomers outlined in green (with pink and blue protease and PDZ domains, respectively) are NMR active. Adapted from ref. 40.
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locked (closed) protomers with wild-type (WT) subunits,
showed that only the symmetric trimers in which all protomers
are WT remain active (40). Consistent with the activity assays,
binding of active site substrates to a symmetric open HtrA2
state (saturated with PDZ-peptide) led to significant changes in
chemical shifts (Fig. 2 E, Left), indicating a conformational
change involving protease domains. Yet no such changes were
observed when substrate was added to asymmetric samples in
which at least one of the subunits was locked in the closed con-
formation (Fig. 2 E, Right), presumably because a concerted
structural change that is required for a fully active enzyme was
prevented. In this manner, only when a sufficiently high con-
centration of substrate is achieved such that all PDZ domains
are ligated and in the open conformation does the enzyme
become active, preventing unwanted degradation of nonsub-
strate or sparsely populated substrate molecules.

Dysregulation of the allosteric network that connects adja-
cent protomers in HtrA2 plays an important role in the loss of
function of the S276C disease mutant that is causative for a
neurodegenerative condition in mice (41). The X-ray–derived
structure of S276C HtrA2 is very similar to that of the WT
enzyme (42), suggesting that a gross structural change is not
the root cause of disease. Spectra recorded of symmetric (all
three protomers are S276C mutants; Fig. 2 F, Left) or
asymmetric (one or two S276 mutant protomers; Fig. 2 F,
Right) HtrA2 samples saturated with PDZ-peptide and either
with or without substrate are superimposable, indicating that
addition of substrate does not result in the concerted
conformational change that is required for HtrA2 activity,
much like for the case involving trimers harboring at least one
disulfide locked subunit (Fig. 2 E, Right).

The Dynamic Archaeal Proteasome Gates—Cooperative or Noncooperative
Motions? The 20S core particle (CP) proteasome (670 kDa)
plays an integral role in proteostasis by degrading misfolded or
mutated proteins and is involved in the regulation of many
biological processes by controlling the concentrations of key
cellular proteins in a timely manner (43–45). Additionally, pro-
teasome activity is coupled to the immune system, as degraded
protein fragments can be used as antigenic peptides (44).
Detailed X-ray studies revealed that the proteasome adopts a
cylindrical structure comprised of four rings that are arranged
as shown in Fig. 3 A, Top Left (46, 47). In the case of the 20S
CP from Thermoplasma acidophilum, a pair of protomers,
termed α- and β-, form α7 and β7 heptameric rings, respectively,
that then stack concentrically to generate an α7β7β7α7 structure.
A pore runs through the 20S CP, connecting the two ante-
chambers with a central catalytic chamber that contains
14-proteolytic centers in which substrate degradation occurs.
Proteasomes from eukaryotes have a similar architecture as the
archaeal version, but each of the seven α- and β-protomers are
distinct, with the β-subunits having different catalytic activities
(47). Although the 20S CP is often in complex with regulators
that control entry of substrates (44, 48–50), preventing unwanted
proteolysis, there is an increasing realization that it can also exist
in an apo-state (51), in which the first 10 to 15 N-terminal resi-
dues of each α7-protomer function as a gate that “guards” the
α-annulus at the top and bottom of the 20S CP (Fig. 3 A, Bottom
Left) and hence restricts access to the proteolytic chamber. In
the case of the T. acidophilum CP, these gating residues are
unfolded, yet they exist predominantly in two orientations with
respect to the 20S CP, either outside (Fig. 3 A, Top Right, blue)
or inside (Fig. 3 A, Top Right, pink) the lumen of the barrel (52).
Fig. 3 A, Bottom Right shows a region of a 13C-1H HMQC spec-
trum of an α7-ring focusing on cross peaks from methionine resi-
dues, including methinione-1 (M-1, an additional methionine
introduced at the N terminus of the construct, in addition to M1
of the natural sequence) and M6 that are part of the gates.

Notably, the multiple peaks for M-1 can be assigned individually
to the in and out states of the gates, Fig. 3 A, Bottom Right, as
described previously (52), and, additionally, NMR experiments
show that each of the gates exchanges its position between out
and in conformations with lifetimes on the seconds timescale
(52). From the intensities of the in and out peaks, an equilibrium
fractional population for the in conformation of 29% is obtained,
corresponding to two of the seven gates of an α7-ring occupying
the in state.

These bulk NMR measurements that include signal contribu-
tions from all 14 gates of the CP provide insight into how
unfolded polypeptide chains can regulate proteasome function.
Yet the intrinsic probability of a single gate entering the protea-
some lumen cannot be obtained from the simple NMR spec-
trum of Fig. 3A, and whether the in/out motion of each gate is
cooperative, that is, whether the probability of a gate entering
into the proteasome lumen depends on the positions of neigh-
boring gating residues, can also not be ascertained.

In order to address these biophysical questions, a set of mole-
cules was prepared by mixing M1I U-2H, M-13CH3 α-protomers
(referred to as pseudo WT or pWT) with gateless U-2H
α-subunits (Δ-12) in a ∼1:20 ratio, using an unfolding/refolding
procedure in which α7 rings are produced with the two types of
protomers distributed in a random manner in each α7 particle
(53). In this way, the relative populations of the different rings
(i.e., one pWT, six gateless: 25.7%; two pWT, five gateless: 4.1%)
can be calculated using simple binomial statistics. The M1I
mutant was used for spectral simplification and did not influence
the results (53). As only the pWT protomers were 13CH3 labeled
at Met positions (M-13CH3), all the NMR signals are derived
from them. Roughly 75% of the NMR signal derives from α7
rings containing only a single gate, illustrated in the inset of Fig.
3 B, Top (red versus blue protomers). Notably, the resulting
spectrum shows that the intrinsic probability of a gate entering
the lumen of the proteasome, Pin, is not 2/7, as might have been
inferred from bulk measurements (Fig. 3 A, Bottom Right), but
∼95% based on the relative intensities of the M-1in and M-1out
peaks. In order to verify that Pin = 0.95 is not an artifact of using
α7 rings that were largely gateless, a second hybrid α7 particle
was generated by mixing pWT α-subunits with protomers con-
taining a Gly-rich gate (∼1:20 ratio, with only pWT subunits
NMR labeled). Notably, these Gly-rich gates do not enter the
proteasomal lumen (Pin ∼0) (53), so that the Pin value obtained
in this system provides a second measure of the probability of an
initial gate entering an empty barrel, unencumbered by the pres-
ence of other gating molecules. Again, Pin = 0.95 was obtained
(Fig. 3 B, Bottom). Taken together, these experiments establish a
high probability for gate entry and illustrate how conclusions
based on bulk measurements, rather than on measurements
focusing on the microscopic properties of the system, can be
misleading.

In order to address whether the in/out motions of gates from
separate subunits of an α7 particle are cooperative, a set of
NMR samples consisting of different mixtures of U-2H,
M-13CH3 pWTand U-2H gateless protomers was prepared and
the fraction of the in conformation of the gates determined
from measuring peak intensities derived from the in and out
states of the gates (Fig. 3C) (53). The resulting data were ana-
lyzed in terms of a model in which the probability of a gate
entering the lumen of the barrel depends only on the number
of gates already in the in state (Model 1) and a second model
in which interactions between immediately neighboring gates in
the out state are explicitly taken into account (Model 2). These
models are, in a sense, orthogonal, as they involve different
assumptions, with interactions either in the in (Model 1) or out
(Model 2) states explicitly accounted for. Thus, similar proba-
bility values obtained from an analysis using both models would
strengthen conclusions and establish that the result is not
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model dependent. The data were fit assuming maximal num-
bers for in gates (Min) of either two or three, as the size of the
α-annulus limits the number of chains that can penetrate the
lumen. Using Model 1, best fits were obtained with P1,in = 0.95 ±
0.01, P2,in = 1.0 ± 0.03 for Min = 2 and P1,in = 0.95 ± 0.01, P2,in =
1.0 ± 0.02, and P3,in = 0.05 ± 0.03 for Min = 3 (Fig. 3C), where
Pi,in is the probability of the ith gate entering the lumen given
that i � 1 gates are already inside. This analysis is consistent with
a maximum of two gates entering the lumen, and since P1,in ∼
P2,in ∼1, gating is not negatively cooperative. That is, entry of the
second gate into the barrel chamber is not decreased by the pres-
ence of the first. However, because the Pi,in values are close to 1,
it is not possible to establish whether gate entry is positively coop-
erative from this experiment. Similar conclusions are obtained
when using Model 2.

In order to obtain further insight into gating cooperativity,
we searched for an α7 mutant that would decrease the P1,in

value. This was achieved by measuring contacts between gates
localized to the inside of the barrel and residues of the lumen

by attaching a paramagnetic spin label at several positions
along the gate (one residue at a time) and quantifying changes
to spectra of U-2H, ILVM-13CH3–labeled α7 rings (53). As the
spin label broadens peaks according to the inverse sixth power
of the distance between the label and the methyl group probed,
it was possible to highlight key regions of the lumen that stabi-
lize the in-gate conformation and to identify possible sites of
mutation to change Pin; an F91R mutation was chosen in this
way, as position 91 is proximal to the region most affected by
the spin label. Fig. 3D shows a profile of the percent in confor-
mation versus the fraction of gate-containing α-subunits,
obtained from an experiment similar to that described in the
context of Fig. 3C, but where all of the α7 rings contained the
F91R mutation that significantly decreases Pin. A best fit was
obtained for P1,in = 0.75 ± 0.02, P2,in = 0.73 ± 0.03 (Model 1),
so that P1,in ∼ P2,in, as before, but it is now clear that gating is
neither negatively (P1,in > P2,in) nor positively (P1,in < P2,in)
cooperative. A similar analysis of the data using Model 2 fur-
ther supported these conclusions.

A

C D

B

Fig. 3. T. acidophilum proteasome gating is not cooperative (53). (A) Side (Top Left) and top (Bottom Left) views of 20S CP [PDB ID: 1YA7 (80)]. Two sub-
units have been removed from the side view to highlight the interior of the barrel and the ante- and catalytic chambers. (Top Right) Enlarged α7 ring
illustrating out (blue) and in (pink) gates [PDB ID: 2KU1 (52)]. (Bottom Right) Selected region of a 13C-1H HMQC spectrum of pWT α7, showing three peaks
for M-1, corresponding to out (blue) and in (pink) gate conformations. A fractional population of in gates of 28.9 ± 0.8% is calculated from peak volumes
(53). (B) Selected region of 13C-1H HMQC spectra of α7 prepared by mixing 5% pWT (red, NMR visible) with either (Top) 95% gateless (blue; NMR invisible)
or (Bottom) 95% Gly-rich gates (purple; NMR invisible). In both cases, the fractional population of in gates is ∼95%. (C) Fractional population of in gates
measured from NMR cross peak volumes as a function of pWT subunits in samples generated by mixing pWT (NMR visible) and gateless (NMR invisible)
protomers. Dashed red and black lines correspond to fits of Model 1 with Min = 2 and 3, respectively, to the titration data to obtain P1,in = 0.95 ± 0.01,
P2,in = 1.0 ± 0.03 for Min = 2 and P1,in = 0.95 ± 0.01, P2,in = 1.0 ± 0.02, P3,in = 0.05 ± 0.03 for Min = 3. (a–c) 13C-1H HMQC spectra focusing on Met peaks
used in the analysis, shown for a number of pWT fractions. (D) Fits of titration data as in C with the exception that samples were obtained by mixing 5%
F91R (NMR visible) with 95%, F91R gateless (NMR invisible) protomers. A best fit with Model 1 was obtained with P1,in ∼ P2,in = 0.75 (red dashed lines).
Additional curves were generated for different P2,in values that are in poor agreement with the experimental data, indicating that the system is not coop-
erative. Adapted from ref. 53.
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Subunit Allostery Regulates Mycobacterium tuberculosis ClpP1P2
(MtClpP1P2) Function. The 300-kDa ClpP1P2 protease from M.
tuberculosis is essential for bacterial growth and virulence and,
consequently, has been a target for the development of small
molecules that dysregulate its function (54). The enzyme con-
sists of two distinct heptameric rings, MtClpP1 and MtClpP2,
each comprised of seven identical subunits that are arranged in
a concentric manner to form a tetradecameric cylindrical struc-
ture in which the 14 active sites of the complex are sequestered
from solvent (55). Unlike many other ClpPs that are functional
in the apo-state and that are comprised of pairs of identical
heptamers, MtClpP1P2 cannot cleave substrates without activa-
tor peptides binding to catalytic sites in the enzyme (56). These
activators compete with substrate for binding so that an enzyme
exhibiting maximal turnover would have a number of its sites
“reserved” for substrate. In an effort to understand the role of
allostery in this unusual, yet medically relevant, ClpP system, a
set of molecules has been generated by mixing NMR-visible
WT and NMR-invisible modified subunits, similar to what was
described for HtrA2 and α7 in the previous two sections, for
study using methyl-TROSY–based NMR methods (57).

Fig. 4 A, Left highlights Ile and Met regions of a 13C-1H
HMQC spectrum of MtClpP1P2 in which the MtClpP1 and
MtClpP2 rings were U-2H, ILVM-13CH3– (NMR active) and
U-2H– (NMR inactive) labeled, respectively. All methyl groups
from the 17 Ile, 8 Met, and 7 Val residues are assigned, as well
as methyls from 14 of the 18 Leu residues, providing a large
number of probes to study allosteric effects in this complex
(57). Upon titration of MtClpP1P2 with an activating dipeptide,
benzoyl-Leu-Leu (Bz-LL), a new set of peaks appeared
(orange), and, concomitantly, the old set disappeared (purple),
as illustrated in Fig. 4 A, Top Right for a number of methyl
groups in the MtClpP1 ring of MtClpP1P2. Plots of normalized
peak intensities from the set of disappearing/reappearing corre-
lations are shown in Fig. 4 A, Bottom Right for MtClpP1 (aver-
age over 52 peaks) that were subsequently fit to a simple Hill
model to yield an effective dissociation constant of 3.3 ± 0.2 mM
and a Hill coefficient of 7.4 ± 0.9. The weak affinity suggests
that binding of Bz-LL should be in the fast exchange regime,
whereby a single “average” peak for each methyl probe titrates
from the unbound to the bound position with increasing concen-
tration of Bz-LL. Yet separate sets of peaks are observed in this
case, suggesting that binding of Bz-LL is accompanied by a
much slower transition in which an inactive conformation is con-
verted to one that is active (recall that Bz-LL is an activator).
The large Hill coefficient for the association of Bz-LL with
MtClpP1 (a high value of 7.9 ± 0.7 is also obtained for
MtClpP2) provides strong evidence for a cooperative structural
transition to the active state. To obtain further insight, leading to
a more comprehensive model of allostery in this system, activity
profiles of MtClpP1P2 were obtained as a function of concentra-
tions of Bz-LL and a small fluorogenic substrate peptide. Nota-
bly, the initial rise in activity observed in fluorescence assays
closely parallels the increase in the fraction of Bz-LL–bound
MtClpP1P2 established by the NMR titration (Fig. 4 A, Bottom
Right, green band). Combined fits of the NMR titration data and
the activity assays could be accomplished using a modified
Monod-Wyman-Changeux (MWC) model (57) from which bind-
ing affinities for both substrate and activator peptides were
obtained, as well as an equilibrium constant, L∼2 × 105, given by
the ratio of concentrations of inactive to active MtClpP1P2 in
the absence of substrate or activator.

In order to understand the structural basis for the catalyti-
cally dead and active states (so-called T and R forms in the
MWC parlance, respectively), the conformations of apo-(T)
(57) and fully Bz-LL bound (R) (55) states are compared in
Fig. 4B, highlighting a number of significant differences that
are responsible for the lack of enzymatic activity in the absence

of activator peptide. Notably, the disordered handle regions
in the compressed apo-state result in misalignment of
catalytic residues and in disengagement of residues that form
“oligomerization sensors” linking protomers from opposite
rings that are required for stabilizing the active conformation of
the enzyme (57). In contrast, binding of Bz-LL leads to the
adoption of an extended structure, similar to other active
ClpPs, and formation of a well-defined handle region that is
required for catalysis (55).

Insight into allostery on a per-subunit level can be obtained
by NMR studies on complexes prepared by mixing NMR-active
hybrid MtClpP1 and WT U-2H MtClpP2 rings. In Fig. 4C, the
MtClpP1 heptamers used in this study are indicated (Left;
NMR active protomers are denoted by filled green circles),
along with schematics highlighting the most populated, NMR-
observable MtClpP1 heptameric rings that are produced by the
mixing procedure (Right). Several sets of MtClpP1P2 particles
were produced (57), including those in which the NMR-active,
unbound MtClpP1 subunit is surrounded by NMR-invisible
protomers that are a) unbound or b) covalently attached with
GLF-CMK (Z-Gly-Leu-Phe-chloromethyl ketone), in which
GLF-CMK is a substrate mimic. In this way, the effect of neigh-
boring “substrate-loaded” subunits on a substrate-unbound
protomer can be evaluated. Activity assays show that GLF-CMK
binding to ∼50% of the subunits provides optimal activity,
although lower than what was observed for Bz-LL stimulation
(57). Additionally, a pair of controls was generated in which all
MtClpP1 subunits were c) GLF-CMK bound or d) in which excess
Bz-LL was added. NMR spectra recorded on MtClpP1P2 samples
with MtClpP1 labeled as indicated in Fig. 4C are shown for
selected methyl groups in Fig. 4 D–G. As the apo- and
Bz-LL–bound conformations correspond to T (inactive) and R
(active) states of the enzyme, respectively (Fig. 4 A, Right, and
Fig. 4B), separate sets of peaks are observed in each case (Fig.
4 D–G, contours denoted by “a” and “d” for apo- and
Bz-LL–bound molecules). Covalent attachment of GLF-CMK
to all seven subunits of MtClpP1 (contours indicated by “c”)
leads to pairs of peaks in NMR spectra, resulting from a shift
in the MtClpP1P2 T<>R equilibrium to approximately equi-
molar amounts of each state. A similar set of pairs of peaks
(Tand R states) was observed in spectra reporting on the con-
formation of an unbound MtClpP1 subunit surrounded by
GLF-CMK protomers (contours indicated by “b”). Thus, the
bound subunits allosterically regulate the conformation of
unbound neighbors, providing support for the MWC mecha-
nism of allostery in which protomers of an oligomer are all in
the same state irrespective of whether they are ligated.

The allostery between subunits within a ClpP ring provides a
framework for understanding some of the differences in the
catalytic properties of diverse ClpPs. Although nonsaturating
amounts of an active site inhibitor bortezomib are necessary to
activate Thermus thermophilus ClpP (TtClpP) (58), a role that
Bz-LL plays for MtClpP1P2 (56), Escherichia coli ClpP has
high activity without binding any activator (54). In the context
of the MWC model, ∼0.0005% (L=[T]/[R]∼2 × 105) and 20%
(L∼4) of MtClpP1P2 and TtClpP apo particles are in the active,
R state, respectively, in the absence of activator or substrate,
while close to all of E. coli ClpP molecules are active (L ≪ 1).
The T<>R equilibrium thus regulates ClpP function by control-
ling basal enzyme activity and the catalytic response to added
substrate.

p97/VCP Function Is Modulated through Cooperative Subunit
Dynamics. The p97/VCP homeostasis protein (referred to in
what follows as p97, 540 kDa) participates in a wide range of
cellular processes including proteasomal and lysosomal protein
degradation, removal of proteinaceous components from mem-
branes or other molecular complexes, membrane fusion, and
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regulation of cell signaling, proliferation, and survival (59–62).
More than 20 different missense mutations of the p97 gene
have been linked to a range of neurodegenerative diseases that
have been referred to collectively as multisystem proteinopathy
type 1 (MSP1) (63). Detailed X-ray (64) and now cryo-EM (65)
studies of p97 have established that it forms a double-ring
architecture composed of six copies of an 800-residue polypep-
tide chain. Each chain, in turn, is divided into three domains,
including an N-terminal domain (NTD) and a pair of nucleo-
tide binding domains, D1 and D2, with the D1 and D2

structures forming the top and bottom rings of the enzyme,
respectively. The NTDs interact with a large number of adaptor
proteins so as to regulate p97 function both spatially and tem-
porally, while adenosine triphosphate (ATP) hydrolysis by D1
and D2 provides the energy for various p97 mechanical func-
tions, including its unfoldase activity (66, 67). Structural studies
have shown that upon ATP hydrolysis, the NTDs change orien-
tation from a position in which they are aligned above the plane
of the D1 ring (ATP bound) to coplanar (ADP bound) with the
ring (64, 65). Fig. 5A illustrates this clearly with a pair of

A C

B

D

F G

E

Fig. 4. An allosteric switch regulates MtClpP1P2 function (57). (A) Selected Ile (Top Left) and Met (Bottom Left) regions from a 13C-1H HMQC spectrum
recorded of MtClpP1P2 where MtClpP1 and MtClpP2 are U-2H, ILVM-13CH3– (NMR-active), and U-2H– (NMR-invisible) labeled, respectively. Assignments
are indicated. (Top Right) Titration of MtClpP1P2 with Bz-LL showing selective correlations from MtClpP1 that disappear (purple) and reappear (orange)
with the addition of increasing peptide. (Bottom Right) Normalized intensities from a set of apo- and Bz-LL–bound MtClpP1 resonances (circles) obtained
from the titration and fit to a Hill model (solid curve); a Hill coefficient of ∼7 is obtained. The green curve plots the number of bound Bz-LL molecules to
MtClpP1 based on fits using a modified MWC model (57). At [Bz-LL] = 8 mM, approximately six of the seven active sites are Bz-LL bound. Curve thickness
indicates error of 2 SD from the mean. (B) MtClpP1P2 is in equilibrium between an inactive, apo (T) state [PDB ID: 6VGK (57)] and an active (R) conforma-
tion [depicted by the Bz-LL–bound structure; PDB ID: 5DZK (55)] with distinct structural differences (ribbon diagrams to the left and right of the cartoons).
(C) Schematic of the labeling procedure used to probe intraring allostery in MtClpP1 rings of MtClpP1P2 complexes; details of sample production are pro-
vided in Vahidi et al. (57). (Top Row) MtClpP1 heptamers were prepared by mixing 95% WT U-2H protomers (NMR invisible; denoted by open circles) with
5% U-2H ILVM-subunits (NMR visible; green filled circles) to produce a series of rings with the major configuration (a) highlighted. (Second Row) A second
set of molecules was produced by reaction with GLF-CMK to generate particles indicated by b. The resulting NMR spectra report on how the conforma-
tion of a WT particle is affected by GLF-CMK–bound neighbors (mimic of substrate bound subunits). (Third Row) WT particles are prepared for which
each MtClpP1 subunit is NMR labeled and covalently modified by GLF-CMK. (Fourth Row) Particles are modified by addition of excess (8 mM) Bz-LL. Based
on the fitted binding parameters using a modified MWC model, ∼6 of the 7 subunits are expected to be Bz-LL bound (see A, Bottom Right, green curve).
(D–G). Selected regions of 13C-1H HMQC spectra recorded on complexes indicated in C; each cross peak is color coded and further denoted by a–d to indi-
cate the particle from which it derives (see C, Right). R and T denote relaxed (active) and tense (inactive) states of MtClpP1P2 that were assigned based
on the fact that apo- and Bz-LL–bound states are inactive and active, respectively (56). Adapted from ref. 57.
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cryo-EM structures comprising the NTDs (purple) and D1
rings (gray) of p97 (D2 omitted from diagram). A 320-kDa con-
struct, referred to as ND1L, in which the D2 ring is removed,
has been used in a variety of different structural studies, includ-
ing the NMR work discussed here (68). In what follows, we will
denote the down and up NTD conformations (relative to the
D1 ring) using schematics that are illustrated to the right of the
structures highlighted in Fig. 5A, where only one of the six
NTDs is shown for simplicity (purple ball). As might be
expected on the basis of the large structural changes between
the ATP- and adenosine diphosphate (ADP)–bound p97 (Fig.
5A), NMR spectra of the two nucleotide-loaded states are dis-
tinct, with key residues, such as I189, serving as very sensitive
reporters of the up/down NTD equilibrium (69). This is

illustrated in Fig. 5B, where a superposition of HMQC spectra
is shown, focusing on the I189δ1 methyl cross peak. Notably, in
the ADP-loaded form of p97, the I189 peak from the severe
R95G disease mutant [R95G(ADP), red] is not at the same
position as in the WT(ADP) state (gray) but rather approxi-
mately equidistant between the WT(ADP) and WT(ATP)
I189δ1 peaks. An ND1L construct harboring a pair of disease
mutations (R95G + T262A) shows a further shift toward the
WT(ATP) position. In an extensive NMR study involving a
large series of disease mutants, in which all of the ND1L par-
ticles were in the ADP-loaded form, and hence the NTDs
would be expected to be in the D1 coplanar state (Fig. 5A), it
was found that the corresponding peaks for I189 (and many
other methyl probes) were positioned linearly between the
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Fig. 5. Cooperative p97 subunit dynamics (68). (A) Domain organization of each subunit and cryo-EM structures of ADP- [PDB ID: 5FTK (65)] and ATPγS-
[a slowly hydrolyzing analog of ATP; PDB ID: 5FTN (65)] bound states of ND1L. Cartoon depictions of ND1L are shown to the right with a single NTD
highlighted in either the down (ADP) or up (ATPγS) conformation. (B) Superposition of a selected region of 13C-1H HMQC spectra of ND1L recorded with
different bound nucleotides or disease mutants, focusing on I189δ1 that reports on the up/down NTD equilibrium. The up/down NTD equilibrium constant
for a particular ND1L particle can be determined from the position of the I189δ1 cross peak (denoted by crosshairs) relative to WT(ADP) and WT(ATPγS);
shown on the right are fractional populations of the up NTD conformation, pU, for each particle. Peaks for I189δ1 are color coded to denote the particle
from which they derive. (C) Two-state free energy diagrams for the NTD up/down equilibrium for a number of disease mutants, as indicated. The muta-
tions are assumed to affect the energy of the down state, exclusively. (D) Superposition of a spectral region from 13C-1H HMQC datasets, focusing on
I189δ1, and recorded on a series of particles prepared by mixing NMR visible R95G subunits (15%) with NMR invisible WT, R95G, or R95G + T262A
subunits (85%) color-coded according to the particle from which the cross peak derives. Values of pU are indicated to the right. (E, Top) Schematic of the
two-pronged binding interaction of UBXD1N [N-terminal region of the UBXD1 adaptor, residues 1–133, that regulates lysosomal-based protein degrada-
tion (73)] and WT p97. V68 and I175 report on VIM binding, while I146 and I189 are sensitive to binding of the H1/H2 domain, as indicated. (Bottom Left)
The VIM domain binds to R95G ND1L, as evidenced from V68 and I175 peak titrations upon addition of UBXD1N (green to purple), but neither of the
peaks derived from I146δ1 or I189δ1 move, indicating that the H1/H2 prong of the interaction is defective. (Bottom Right) In contrast, when the R95G sub-
unit is surrounded by WT neighbors, binding of the H1/H2 UBXD1N domain is partially restored, as evidenced by movement of I146 and I189 peaks upon
addition of UBXD1N. Note that only the R95G subunit (red) is NMR active and hence the spectrum reports directly on interactions involving it. Peaks from
a complex of UBXD1N and WT ND1L (gray) are shown as a reference. Adapted partly from ref. 68.
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WT(ADP)—all NTDs down—and WT(ATP)—all NTDs
up—“boundaries” (gray and black peaks in Fig. 5B) (69). This
implies that, as a function of disease mutation, the NTDs are
not all “down” in the ADP state but, rather, progressively move
up, as illustrated in Fig. 5 B, Right, with the fractional popula-
tion of the up state, PU, calculated simply from the relative
position of the peak with respect to the corresponding
WT(ADP) and WT(ATP) correlations. It is worth emphasizing
that the NTDs are not statically oriented with respect to the D1
ring but rather, in the simplest model consistent with the NMR
data, exchange between down and up conformations with a rate
in excess of 15,000/s (70). Disease mutations, thus, lead to
changes in the ND1L free-energy landscape, as highlighted in
Fig. 5C, where a set of energy surfaces is shown for some of the
disease mutants that have been studied (all ADP bound). Small
changes in relative free energies between states can lead to sig-
nificant population shifts. Interestingly, the up/down NTD equi-
librium for less severe disease mutants (ADP bound), such as
R155H, is less aberrant (i.e., more down) than for more severe
mutants such as R95G (69).

MSP1 patients have one WTand one disease-mutated allele,
and it has been shown that p97 hexamers can contain mixtures
of WTand diseased protomers (71, 72). As most of the biophys-
ical and biological studies have focused on particles in which all
six protomers are homogeneous, it was of interest to see how
the aberrant up/down equilibrium associated with disease
would be affected in the context of a ring comprising a mixture
of disease and WT neighboring subunits. This is a difficult
problem to address using X-ray crystallography or cryo-EM
because the difference between disease and WT subunits lies in
one amino acid out of 800. Yet a mixing strategy whereby WT
and mutant subunits are unfolded and subsequently refolded
and in which one of the protomer types is U-2H, ILVM-13CH3

labeled (i.e., NMR visible) and the other U-2H (NMR invisible)
provides an avenue for addressing this question (68). A number
of different ND1L particles were prepared by mixing NMR-
visible R95G subunits (fractional amount of 15%) with invisible
WT, R95G, or R95G + T262A subunits, and a superposition
of the resulting spectra, again focusing on I189, is shown in
Fig. 5D. The skewed up/down equilibrium of the R95G proto-
mer is significantly affected by the neighboring subunits; if the
neighbors have an intrinsic tendency to be down (for example,
neighbors are WT), PU for the R95G protomer decreases, with
PU increasing if the surrounding protomers have a higher pro-
pensity to be up than that of the R95G subunit (for example,
R95G + T262A).

In order to address how changes to the up/down NTD equi-
librium affect downstream processes, studies of the interactions
between the UBXD1 adaptor molecule and p97 were under-
taken. UBXD1 primes p97 for its role in lysosomal degrada-
tion, a pathway affected by MSP1 disease mutations (73). NMR
spectra were, therefore, recorded of p97 in the absence and
presence of an N-terminal 133-residue fragment of UBXD1
(UBXD1N) that contains two p97 binding motifs, VIM and
H1/H2 (74, 75). Studies of an NTD construct including the
linker connecting NTD with D1 (but lacking D1 or D2) indicate
that VIM binds to the NTD while H1/H2 contacts the linker
(75). Methyl-TROSY–based NMR studies of UBXD1N binding
in the context of ND1L confirm this result and, furthermore,
show that the H1/H2 domain binds at the interface between
NTD and D1 domains for the WT, ADP-loaded form of p97
(Fig. 5 E, Top) (69). As such, binding of UBXD1 to WT p97-
ADP generates a locked-down structure in which all the NTDs
are coplanar with the D1 ring. As a large number of methyl
groups are available, each step of the two-pronged binding pro-
cess can be monitored, with V68 and I175 reporting on VIM
binding and I189 and I146 probing the up/down status of a
given protomer (Fig. 5E). Since binding of H1/H2 would be

expected to shift the up/down equilibrium to the down confor-
mation, perhaps only partially for disease mutants, the spectral
positions of I189 and I146 methyl groups can be used as report-
ers of the interaction between p97 and H1/H2 (69). In an initial
study focusing on ND1L in which all protomers contained the
R95G mutation, binding of the VIM domain was confirmed
(Fig. 5 E, Left), as the peak positions for V68 and I175 were
shifted upon addition of UBXD1N (green to purple). However,
no shifts in the peak positions for I189 and I146 were observed,
indicating that contacts with H1/H2 are not formed (68). Thus,
the aberrant up/down NTD equilibrium leads to a complex in
which only one of the prongs of the WT UBXD1–p97 interac-
tion is engaged. Recall that when an R95G protomer is sur-
rounded by WT neighbors, its up/down NTD equilibrium is
partially reverted toward the down conformational state (Fig.
5D). A prediction might be, therefore, that the two-pronged
UBXD1-binding interaction would be restored to an extent in
this case. This is clearly observed in NMR spectra (Fig. 5 E,
Right) in which there is a shifting of the I189 and I146 correla-
tions upon addition of adaptor (green to purple), indicating
that contacts involving H1/H2 are at least partially formed. To
“guide the eye,” spectra of WT ND1L with UBXD1 are also
shown (gray), indicating the positions of the I189 and I146 δ1-
methyl groups in the fully down conformation. Interestingly,
the perturbed equilibrium in the R155C severe disease mutant
can be restored through the addition of an N387C mutation,
with the position of the NTDs collinear with the D1 ring, as for
the WT protein. As might be expected, therefore, the R155C +
N387C revertant recovers WT UBXD1N-binding affinity (70).
Small-molecule drugs that potentially could push the up/down
NTD equilibrium even moderately toward the down NTD state
might, therefore, play an important therapeutic role in mitigat-
ing the effects of the disease mutations.

Concluding Remarks
Solution NMR spectroscopy offers unique opportunities to
investigate how biomolecules carry out their essential cellular
activities. In the context of studies of molecular machines
described here, NMR can play an important role in providing
insights into functional dynamics (29, 76–79). As such, it is highly
complementary to X-ray and cryo-EM approaches that provide
detailed yet static structures of these large macromolecules. In
this perspective, several homo-oligomeric systems have been dis-
cussed, focusing on the role(s) of interprotomer communication
in regulating function. In particular, we have described an
NMR-based strategy by which the structural dynamics of individ-
ual protomers can be assessed in the context of different neigh-
boring subunits. By judicious choice of NMR-labeling schemes
and relative amounts of the different protomers that are mixed,
direct experimental evidence for the presence or absence of
interprotomer allostery can be provided, and atomic resolution
insights are often available. Such an approach is complementary
and, in many cases, superior to the established way of demon-
strating allostery involving fits of models to data for which con-
clusions are based simply on goodness-of-fit values. In the case
of the T. acidophilum 20S proteasome CP, the in/out gating equi-
librium of a protomer was shown not to depend on neighboring
subunits so long as there was space in the proteasome lumen to
accommodate the gate (53). Here, the gates are comprised of
∼10 to 15 residues and are intrinsically disordered. Their small
size and high flexibility challenges studies using other atomic res-
olution methods. In contrast, NMR studies of p97 clearly estab-
lish a coupling between protomers in this hexameric machine
(68). Single-point mutants that give rise to a series of neurode-
generative diseases were shown to affect the up/down NTD equi-
librium and, as a consequence, interactions with the UBXD1
adaptor molecule (69). Dissecting how the aberrant up/down
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equilibrium of one protomer is influenced by neighboring subu-
nits in the context of heterogeneous p97 particles composed of
combinations of WT and mutated protomers is complicated by
the fact that each subunit differs by, at most, a single amino
acid. Yet the NMR approach described here readily identifies
intersubunit allostery. Similarly, strong interprotomer allostery
was shown to be critical for regulating HtrA2 function, whereby
subunits undergo a concerted structural change from an open,
inactive state to one which is catalytically active (40). Dysregula-
tion of this network, at least in the context of an S276C disease
mutant, results in a neurodegenerative condition in mice that
serves as a model for Parkinson’s disease (41). The importance of
NMR-based experiments focusing on a single subunit in the con-
text of an oligomeric system is made clear by the fact that WTand
S276C HtrA2 have very similar structures (42) that, unfortunately,
therefore, offer little insight into the mechanism of disease. Simi-
lar to p97 and HtrA2, ligated subunits in the MtClpP1P2 protease
affect the conformation of unbound protomers, providing strong

experimental support of the MWC model that was used to ana-
lyze activity profiles (57). The potential of NMR spectroscopy to
contribute to studies of molecular machines is made clear by these
examples. It is likely that as the number of structures of this class
of molecules continues to grow, the importance of NMR will
increase in parallel, providing a key link between static structure
and dynamic function.

Data Availability. All data are included in the article.
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