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With the development of appropriate labeling schemes and the associated experiments that exploit them
it has become possible to record high quality solution NMR spectra of supra-molecular complexes with
molecular masses extending to 1 MDa. One such approach involves selective >CH; methyl labeling in
highly deuterated proteins using experiments that make use of a methyl-TROSY effect that significantly
improves both resolution and sensitivity in spectra. The utility of this methodology has been demon-
strated on a growing number of interesting particles. It seems appropriate at this juncture, therefore,
to ‘step back’ and evaluate the role that solution NMR spectroscopy can play in what has traditionally
been the domain of X-ray crystallography and more recently cryo-electron microscopy. It is argued here
that solution NMR can make a critical contribution to our understanding of how dynamics regulate func-
tion in these high molecular weight systems. Several examples from work in my laboratory on the pro-
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teasome are presented as an illustration.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Many critically important processes in the cell are regulated by
very large molecular complexes acting essentially as microscopic
machines [1]. Like their macroscopic counterparts, these tiny ma-
chines are not static. They contain movable ‘parts’ and the changes
in conformation that occur are very often crucial for proper func-
tion [2]. Not surprisingly, an understanding of the way that these
systems work has been a longstanding goal of biochemists and
structural biologists alike. Some of the more famous molecules
whose detailed crystallographic study has lead to Nobel Prizes in-
clude the photosynthetic reaction center (J. Deisenhofer, R. Huber,
H. Michel, 1988) [3,4], F; ATPase (J. Walker, 1997) [5], RNA poly-
merase (R. Kornberg, 2006) [6,7] and the 30S and 50S ribosome
subunits (A. Yonath, T. Steitz, V. Ramakrishnan, 2009) [8-10].
Structures of other important large complexes, such as the chaper-
one GroEL/GroES [11], the proteasome [12], the exosome [13] and
virus particles [14] have also emerged from X-ray studies and all
have played an important role in developing our understanding
of vital biochemical events at the molecular level.

Of course X-ray crystallography is not the only method for
obtaining high resolution structures of biomolecules. In the past
several decades solution-state NMR spectroscopy [16-18], and
more recently solid state NMR spectroscopy [15,16], have emerged
as bona fide methods for solving atomic resolution structures. Yet,

* Fax: +1 416 978 6885.
E-mail addresses: kay@pound.med.utoronto.ca, kay@bloch.med.utoronto.ca

1090-7807/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2011.03.008

despite all the important technical advances, encompassing new
experiments, novel expression systems, higher magnetic fields
and increased sensitivity, there still remains a significant size bar-
rier to NMR studies. For example, molecules or complexes larger
than 50-100 kDa (and in some cases even much smaller) often
pose a significant challenge to traditional backbone-directed triple
resonance multi-dimensional solution NMR experiments that have
proven so useful for smaller systems [17,18]. It is certainly the case
that similar solution triple resonance studies of complexes with
aggregate molecular masses in the hundreds or perhaps thousands
of kDa will, for the most part, not be possible. This raises an inter-
esting question. Given that the ‘traditional NMR approach’ entail-
ing assignment of all 'H, '*C and '’N spins in the molecule,
followed by detailed structural analyses, is very likely to fail in
studies of supra-molecular systems, is there a role that solution
NMR can nevertheless play in providing important structural in-
sights into the function of such large molecules? And what might
such a role be? These questions become even more relevant
against the backdrop of beautiful and detailed (static) pictures that
have been produced by X-ray techniques that in many cases have
revolutionized our thinking about biomolecular function.

In this perspective I will briefly review an approach that my lab-
oratory has developed over the past 15 years for studies of very
high molecular weight protein complexes by solution NMR and
illustrate, with examples from our research on the proteasome,
how this methodology can make valuable contributions to the
understanding of structure, dynamics and function in very large
systems. The goal here is not to be comprehensive, nor is it to
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review the literature. The interested reader is referred to other arti-
cles [19-23] to find additional examples of how solution NMR can
be used to provide important molecular insights in ways that even
the most detailed X-ray structures cannot.

2. A simple strategy for preserving magnetization emerges from
a complex spin system

One promising approach for studies of very high molecular
weight proteins involves producing ['2C,’H]-labeled molecules
where '3C and 'H spins are incorporated into methyl positions
[24]. Initial strategies focused on methyls of Ile (61), as well as
Leu/Val, where in the latter case only one of the two prochiral
methyl groups is '>CH; (the other is '>CD3), using commercially
available precursors [25]. More recently, biosynthetic strategies
for producing proteins with '>CH; labeling at Ala [26,27], Met
[28], Ile (CY?) [29] as well as stereospecific incorporation of methyl
label into Leu, Val proR or proS positions [30] have emerged. The
reason why methyl groups are so useful as probes in supra-mole-
cules can be understood by considering the energy level diagram
for an isolated '3CH; spin system, Fig. 1A. The large number of
transitions may seem daunting at first, but in fact this complexity
can be used efficiently to construct magnetization transfer path-
ways where relaxation losses in experiments are minimized [31].
Assuming that the methyl group rotates rapidly about its threefold
axis, which in turn is attached to a molecule that tumbles slowly in
solution (macromolecular limit) it can be shown that coherences
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either relax very slowly or very rapidly and that the relaxation of
each transition is effectively single exponential [31,32]. In Fig. 1A
rapidly and slowly relaxing 'H single-quantum transitions are
denoted by vertical arrows (red = rapid, blue = slow), 'C single-
quantum transitions are denoted by the black and gray arrows
corresponding to rapid or slow decay, respectively, and 'H-'3C
double-/zero-quantum transitions are depicted with purple (fast)
and green (slow) colored arrows. Pulse schemes that give rise to
spectra with high sensitivity are those that navigate the ‘energy
landscape’ in such a way so that magnetization is always trans-
ferred between slowly relaxing transitions. Fig. 1B highlights the
simplest of experiments, the 'H-!3C standard HMQC scheme
[33,34], that exploits a methyl-TROSY effect to produce high qual-
ity data sets. Magnetization originating from the slowly relaxing 'H
transitions (blue) is transferred to slowly relaxing '"H-!3C double-/
zero-quantum coherences (green) and then back to the slowly
relaxing 'H magnetization for detection. In contrast, the second
of the two possible transfer pathways involves exclusively rapidly
relaxing components that contributes very little to spectra of high
molecular weight proteins. Central to the efficacy of this approach
is the use of highly deuterated, methyl protonated proteins so as to
minimize 'H-'H cross-relaxation and hence increase the ‘isolation’
between the fast and slowly relaxing pathways, similar to the role
of deuteration in the case of "H-'5N TROSY [35].

The utility of the methyl-TROSY approach has been demon-
strated with many applications involving a large number of
systems [19-23,36-40]. In Fig. 2 three proteins are highlighted that
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Fig. 1. (A) Energy level diagram for an isolated '>CH; spin system with wave functions written in an irreducible basis representation. The first spin state in each function
corresponds to the '3C spin, with the remaining associated with the 'H spins. The total spin angular momentum of each manifold is listed along with the 'H transitions
(vertical lines; red and blue corresponding to fast and slow relaxing transitions), '*C transitions (horizontal lines; black and gray indicate fast and slowly relaxing transitions)
and 'H-'3C double-/zero-quantum transitions (purple = fast, green = slow). Adapted from Tugarinov et al. [31]. (B) 'H-'2C HMQC pulse scheme that exploits a methyl-TROSY
effect to generate spectra of high sensitivity and resolution. Coherences operative during the sequence are highlighted in the same colors as in (A).
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Fig. 2. Selected regions of "H-'>C HMQC spectra of U-[?H] Ile-[§1'>CHs]-aspartate transcarbamoylase (A: 300 kDa, 37 °C, red = R domain; black = C domain) [19], U-[?H] Ile-
[61'3CH5] Leu, Val-['3*CHs,'2CD5]-CIpP (B: 300 kDa, 50 °C) and U-[?H] Ile-[61'3CH3] Leu, Val-[*3CHs,'2CD;]-proteasome (C: 670 kDa, 65 °C; only the o subunits are labeled)
[38]. All data sets were recorded at a static magnetic field of 18.8 T using a spectrometer equipped with a room-temperature probe-head. Shown also are the X-ray derived
structures of each protein complex [12,60,61] and the dimensions of each molecule. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

are among those studied in my laboratory, including aspartate
transcarbamoylase (A: 300kDa) [19], the CIpP protease (B:
300 kDa) and the proteasome (C: 670 kDa) [38]. High quality data
sets are obtained in measurement times of 1-2 h in cases where
monomer concentrations are on the order of a few hundred pM.

3. NMR Studies of the proteasome are complementary to high
resolution crystallography

3.1. The dynamic proteasome gate

The 20S core particle (CP) proteasome is a hollow barrel-like
structure that regulates processes such as protein degradation, cell
division, signaling and gene expression [41,42] and is the focus of
efforts towards the design of effective inhibitors of function [43].
The CP is composed of four homo-heptameric rings, and in the case
of the T. acidiphilum (archaeal) version that is studied by my group
each ring consists of seven identical monomers (o;37B707), forming
three chambers, including a pair of antechambers (formed by o,37)
and a catalytic chamber (formed by B,B-) that sequesters the active
sites [12], Fig. 3A. Unfolded substrates enter the 20S CP from the
top and the bottom, through the a-annulus that in turn is occluded
by the N-termini of the 7 a-subunits of each o7 ring which gate ac-
cess of substrate. An understanding of the mechanism by which
these termini function as gates is therefore critical for a description
of how the 20S CP is regulated. Yet the high resolution X-ray struc-
ture of the archaeal proteasome [12], which has established the
architecture of the barrel and has provided insight into the cata-
lytic mechanism of substrate degradation, provides little insight
into the gating mechanism since the complete trace of the a-sub-
unit amino-terminal residues is not observed in density maps.

In an effort to address how gating might work in the T. acid-
iphilum 20S CP, studies were undertaken on the full 20S CP
(Fig. 3A), on an o;0; ‘half proteasome’ that forms spontaneously
from wild-type (WT) a-subunits (Fig. 3B) [38], on an o ‘quarter
proteasome’ that is comprised of a-subunits mutated in positions
that occupy the interface between two rings so that only a single
ring structure is stable (Fig. 3C) [21], and on an a-subunit that is
mutated so that it is stabilized as a monomer in solution (Fig. 3D)
[38]. Initially our focus was on using o for which high quality
TH-T>N TROSY data sets were recorded previously [21]. Approxi-
mately 90% of the amide correlations that were observable in
TH-'5N TROSY data sets of the 180 kDa o, ring could be assigned
from a comparison with spectra that were recorded on the single
a-particle in concert with 3D HNCA and '’N-edited NOESY data
sets obtained on the ring. Regrettably 30% of the expected
cross-peaks were not observed in any spectrum. The regions of
the o-subunit (in the context of the oy ring) where data were
lacking are shown in red in Fig. 4A and include the N-terminus
of the protein, extending through helix HO [21]. This is precisely
the area of interest since as discussed above the gates are formed
by the N-terminal (approximately ten) residues of each o-sub-
unit; thus it was clear that 'H-'>N based spectroscopy would
not be of use in addressing questions relating to gating. Next
TH-13C data sets were recorded of a set of molecules with each
containing one mutation in which an Ile residue was substituted
into the terminus of the a-subunit [39]. In this manner methyl
probes are ‘engineered’ into the gates that can be used to quantify
their structure and dynamics. Fig. 4B shows a number of spectra
recorded on U-[?H] Ile 51-['3CHs] labeled o017 of single mutant
proteins (Met1lle, Gly4lle, Ala7lle) with the positions of the peaks
corresponding to the added Ile highlighted. Although each of the
new correlations can be observed their intensities are low. By
means of comparison, signal-to-noise is much higher for the other
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Fig. 3. Molecules used in proteasome studies [21,38-40], including the full 20S CP (A), an o;07 ‘2 proteasome’ (B), an o7 ‘4 proteasome’ (C), and an o-subunit (D). Shown also
in A is a single a-subunit (2 orientations), along with the o-annulus that is composed of residues from all seven subunits [12]. The locations of added spin-labels for PRE

measurements are indicated in red. Adapted from Religa et al. [39].
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Fig. 4. (A) Ribbon diagram showing a single o-subunit [12] highlighting those
regions of structure for which backbone amide correlation peaks were not observed
in TH-'°N TROSY based spectra of o (indicated in red) [21]. Also shown is the -
annulus that is composed of residues from all 7 a-subunits. A large portion of the
‘invisible’ residues are localized in and around the gating area, including from M1 to
$35. (B) 'H-'3C HMQC datasets recorded on U-2H, Ile-['*CH551] o707, 50 °C, with Ile
probes inserted into the gating termini of the o-subunits via mutagenesis. Although
strong peaks are observed for the majority of lle 51 methyl groups, only very weak
correlations are obtained for Ile1, 4 or 7 (red). Modified from Religa et al. [39].

Ile correlations that derive from residues that are removed from
the gate. It is clear that the same dynamic process that is respon-
sible for peak disappearance in '"H-'°N spectra is contributing to
the attenuation of Ile methyl peaks in the amino-terminal region
of each o-subunit.

We next turned to a labeling scheme in which highly deuter-
ated '>CH;3-Met proteins were produced, hoping that better quality
spectra could be obtained [39]. The advantage of Met is twofold.
First there are only five Met residues in the protein, with three of
the five Met residues in the gate (M-1, M1 and M6). Thus, Met pro-
vides excellent ‘coverage’ of the N-terminal region of the a-sub-
unit. Second, Met is the most dynamic of the methyl containing
side-chains in proteins; methyl threefold axes order parameters
squared tend to be between 0.1 and 0.2 for Met, significantly lower
than for other methyl groups [44]. The hope was, therefore, that
the rapid dynamics that are intrinsic to Met methyl groups would
reduce the effects of the slower motional processes that lead to
spectral attenuation.

Fig. 5 shows "H-13C HMQC spectra recorded on highly deuter-
ated '>CH5-Met samples of o (A), of WT ot7B,B70t7 (B), of a double
mutant of o; where Tyr and Asp at positions 8 and 9 are replaced
by Gly (C), and of the monomeric version of the o subunit, o; (D).
Notably, spectra of both the single ring and of the full proteasome
contain more than the 5 peaks expected (Met-1, Met1, Met6,
Met40, Met120). By contrast, data sets recorded on the monomer
have the right number of peaks (the resonance for Met120 is out-
side the spectral window plotted). Clearly something about the
ring structure is responsible for the appearance of the ‘additional’
correlations.

As a first step to understand the origin of the excess cross-
peaks, Met correlations were assigned to specific sites in the pro-
tein through a mutagenesis strategy in which Met residues were
replaced by Ala or Ile [39]. Interestingly, three correlations were
derived for Met-1 and Met1, denoted by ‘A’ (major state), ‘B’ and
‘C’ (minor states) while a pair of correlations was noted for Met6
in the Y8G/D9G o; sample. The next step is to assign these multiple
correlations to specific structural features of the proteasome, a
much more difficult task than sequential assignment. Here para-
magnetic relaxation enhancement (PRE) was used whereby nitrox-
ide spin labels were attached to specific sites on the a-subunits of
the o7 ring [39]. Initially a nitroxide was affixed to position 4 (by
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Fig. 5. 'H-'3C HMQC datasets recorded on highly deuterated, '>CH;-Met labeled
WT o (A), WT o78787,07 (B), Y8G/DIG a7 (C) and o (D). Assignments of the Met
residues are indicted on the spectra, where labels ‘A’, ‘B’, and ‘C’ denote different
cross-peaks for a given Met residue [39]. Also shown is the primary sequence for the
N-terminal 14 residues of the o-subunit that function in a gating role in the
proteasome, as well as the structure of the amino acid Met. Modified from Religa
et al. [39].

replacing the endogenous Gly4 with Cys) and the difference be-
tween amide proton relaxation rates in the presence and absence
of spin label quantified, I'}". Significant enhancements of relaxa-
tion rates (red circles in Fig. 6A) were obtained for amides that
are localized to helices 1 and 2 (Fig. 3A), with rates of well over
100 s~! for Val87 and Phe91 (helix 1). Elements of structure with
elevated F?” values are shown (red) in the inset to the figure. Nota-
bly, these regions are far removed from the position of the spin la-
bel (red star) in the structure of Fig. 6B which places the terminus
on the outside of the proteasome (i.e., above the a-annulus; recall
that the conformation of these gating termini are not known from
the X-ray structures). A second orientation of the terminus (Fig. 6C)
is one where it extends through the annulus into the lumen of the
proteasome barrel. In this conformation the distance of approach
of the spin label to helices H1 and H2 can account for the attenu-
ation pattern observed experimentally.

The results from the amide proton spin relaxation study suggest
an experiment that can be used to establish the origin of the excess
peaks. A spin label was placed at position 95 (Fig. 3A), where large
" values were observed, and 'H-">C Met spectra recorded on
Y8G/D9G o7 (identical results were obtained for WT a7, as well).
In Fig. 7A spectra recorded with (black contours) and without
(red single contours) the spin label are shown. Notably all of the
‘B’/‘C’ peaks are eliminated by the spin-label, consistent with the
gating termini extending well inside the lumen of the barrel for
states ‘B’ and ‘C’, as illustrated in the right most structural sche-
matic. In contrast, very small I'S™ values of between 3 and 7 s
were obtained for the ‘A’ peaks, suggesting that in the ‘A’ confor-
mation the gating residues are far removed from the spin-label,
as would be expected for the structure indicated on the left. To
confirm that this is, in fact, the case we carried out a second exper-
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Fig. 6. (A) Amide proton I', (PRE) rates (the difference between 'H transverse
relaxation rates in the oxidized and reduced forms) quantified on a sample with a
nitroxide (TEMPO) spin label attached to position 4 of each o-subunit of the WT o7
particle [39]. Red open circles indicate those residues for which rates exceed
measurement errors () by at least 10 s~!, while peaks for Val87 and Phe91
disappeared in the oxidized state (filled red circles). Rates were high for residues in
helices H1 and H2, indicated in red in the inset. Note that amides of residues 1-35
are not visible in spectra due to a ps-ms exchange process and are thus not
available as probes [21]. (B) Ribbon diagram of the a-subunit structure, placing the
gating terminal residues above the a-annulus. The position of the spin label (red
star) is indicated. Note that the distance from the label to amide probes in Helices 1
and 2 exceeds 35 A. (C) Same as (B) but with the terminus extending inside the
lumen so that the spin label is much closer to the affected probes. Modified from
Religa et al. [39]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

iment in which the spin label was placed in a region of structure
above the a-annulus (position 20), Fig. 7B. The opposite effect
was now observed, whereby peaks corresponding to the ‘A’ state
disappeared, while those derived from states ‘B’ and ‘C’ remained
essentially unaffected. This is what is expected assuming that the
‘A’ and ‘B’/'C’ peaks derive from termini that are ‘out’ and ‘in’,
respectively, in relation to the proteasome lumen. Note that while
the ‘B’/‘C’ correlations can be identified as ‘in’, the resolution of the
PRE approach does not allow us to elucidate the structural differ-
ences between these two unique ‘in’ states.

If the ‘structural’ assignments described above are correct then
they predict that peaks from state ‘A’ corresponding to gating ter-
mini that are ‘out’ would be affected by various modulators of pro-
teasome activity that bind to the o rings on either side of the
barrel-like (ot;37B707) structure. One such molecule is the 11S acti-
vator [45], Fig. 8A. Placement of nitroxide spin labels on position
108 of this heptameric complex (yellow stars) is expected to elim-
inate peaks from Met-1/Met1/Met6 of the ‘A’ state since termini in
this conformation would be localized to inside the 11S lumen (i.e.,
close to the spin label), with little effect on the corresponding
peaks from states ‘B’ and ‘C’ that would be within the lumen of
the proteasome and hence far removed from spin label. This is ex-
actly what was observed in binding studies involving Y8G/D9G o,
and 118, Fig. 8B (note that the lumen of the proteasome is below
the o ring) [39].
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eliminates correlations from states ‘B’ and ‘C’ for Met1, -1 and 6. These correlations must therefore be derived from the ‘in’ state. (B) Placement of a nitroxide at residue 20 (red
star, Fig. 3A) eliminates peaks from the ‘A’ conformation, that must correspond therefore to the ‘out’ state. Shown are spectra recorded with the nitroxide in the oxidized
(black) and reduced states (red; 1 contour). The R20C o; mutant is less stable than WT or S95C o, so its spectra were obtained at a lower temperature (40 °C rather than
50 °C), accounting for the increased linewidths. Modified from Religa et al. [39].
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Fig. 8. (A) Space filling cross-section side-view representation of the o7-11S complex [46], highlighting the position of the spin-label in the lumen of 11S (yellow). The spin
label is placed at position 108 in each of the seven copies of the symmetric 11S heptamer. Note that termini in the ‘out’ position would be localized to the lumen of the 11S
particle, proximal to the spin label, while those in the ‘in’ state would point into the lumen of the proteasome (below the o, ring) and hence reside distal from the nitroxide.
(B) "H-"3C HMQC spectra of the Y8G/D9G o1;-11S complex with spin-label in the oxidized (black) and reduced (red, single contour) states. The absence of ‘A’ state correlations
for both Met1, -1 and 6 provides very strong evidence in support of the assignments of ‘A’ and ‘B’/’C’ peaks to the ‘out’ and ‘in’ conformations, respectively. Modified from

Religa et al. [39].

The PRE measurements were preformed by addition of nitrox-
ide labels at several sites in the o-subunit, labeled in red in
Fig. 3A. This provides distance constraints that can be used to cal-
culate ensembles of gating termini structures, corresponding to
‘out’ and ‘in’. Fig. 9A illustrates the positions of N-termini for two
of the seven a-subunits comprising an o; ring. By residing in the
lumen of the proteasome barrel, the ‘in’ termini decrease the size
of the a-annulus that must be traversed by substrate for subse-
quent degradation. The more termini that are in the ‘in’ position,
the smaller the gate area and hence access to substrate is
diminished.

An important advantage of NMR over other structural tech-
niques is that the kinetics and the thermodynamics of the process
studied can often be obtained. In the case at hand, for example, it is
possible to obtain the fractional populations of the ‘in’ and ‘out’
gating termini by quantifying peak volumes in fully relaxed spectra
[39], Fig. 9B. Notably, in the WT o, ring (and in ot;B7870t7) 2 of the 7
termini are ‘in’. The thermodynamics of ‘out’/'in’ can be manipu-
lated by mutation at key positions as illustrated in the case of
Y8G/DIG a7, E25G o7 and E25P o; where ~3, ~1 and O termini
are displaced inwards, on average. Residues 8 and 9 are part of a
reverse turn structure that stabilizes the ‘out’ conformation [46],
while position 25 is located in helix HO whose structural integrity
is critical for the ‘in’ conformation. Both Gly and Pro are known to
destabilize helices, with Pro having a more dramatic effect [47].
Binding of the 11S activator to the WT proteasome has been shown
through biochemical studies to increase substrate degradation
[46]. This observation is explained nicely by the NMR results that

show a decrease in the number of ‘in’ termini from 2 (WT o) to
less than 1 (WT a;-11S), on average, thereby increasing the surface
area of the a-annulus accessible to substrate, Fig. 9C. It is also
known that proteasomes whose o-subunits contain the Y8G/D9G
pair of mutations have no activity increase upon 11S activator
binding [46]. This can also be understood from the NMR results
where the distribution of ‘in’/‘out’ termini does not change upon
11S binding, Fig. 9C (Y8G/D9G vs. GG+11S). Finally, a reasonably
good correlation between rate of substrate proteolysis and
o-annulus accessible surface area is shown in Fig. 9D that confirms
the model of gating in the archaeal proteasome described here.
In addition to the thermodynamic data that is readily accessible
from simple NMR experiments, the time-scale of termini exchange
from ‘in’ to ‘out’ can also be quantified from a magnetization ex-
change scheme. Here spectra are recorded with 'H labeling during
a t; period that precedes a mixing element where exchange is al-
lowed to occur, followed by 'H chemical shift labeling during t,
[39], Fig. 10A. In order to ensure that NOE-type cross-peaks are
not observed in spectra a scheme is employed whereby the ex-
change of 'H, '3C longitudinal order is quantified. Cross-relaxation
between proximal protons during this period creates magnetiza-
tion that cannot be refocused into observable coherences.
Fig. 10B shows buildup curves for the transfer of magnetization
from site ‘A’ to ‘B’, ‘A’ to ‘C’ and ‘B’ to ‘C’ as monitored by Met-1.
A 2D data set recorded with a mixing time Ty;x of 500 ms is shown
in panel C, with cross-peaks arising from exchange events that
interchange ‘in’ and ‘out’ conformations. From the time dependen-
cies of diagonal- and cross-peak intensities, exchange rates can be
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Fig. 9. (A) Ensembles of 10 structures calculated for WT o; showing gating residues
in the ‘in’ (teal) and ‘out’ (blue) conformations for an o-subunit [39]. In WT o,
approximately 2 of the 7 subunits are in the ‘in’ state. (B) Populations of ‘in’ and
‘out’ are calculated on the basis of peak volumes in spectra: ‘out’ = sum of all ‘A’
state peaks, ‘in’=sum of all ‘B’+’'C’ state peaks. (C) Table listing the relative
populations of ‘out’ and ‘in’ states for WT o; and a number of mutants either
without or with 11S. (D) Proteolysis rates, measured in relative fluorescence units
(RFU)/time, were quantified using a 9 residue peptide and plotted as a function of
o-annulus accessible surface area for different o7B,f701; constructs. Modified from
Religa et al. [39]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

calculated and lifetimes of the various states determined; lifetimes
on the order of 6.5 ((kas + kac)) and 2's (1 (kga + kca)) are ob-
tained for the ‘out’ and ‘in’ states respectively at 45 °C [39]. Thus
a picture emerges whereby gating is regulated by the stochastic
interconversion of termini between a pair of conformations, ‘out’
and ‘in’, on a seconds time-scale. Such a process can clearly not
be observed by techniques such as X-ray crystallography or cryo-
electron microscopy that freeze specimens.

Motion of the gating residues is not restricted to the seconds
time-scale; extensive dynamics have also been observed in the
ps-ns time regime [39]. Before showing this data I wish to describe
the underlying physics behind the method used to quantify these
fast time-scale dynamics because the approach provides a nice
example of how the rich network of cross-correlated spin relaxa-
tion interactions that manifest in '>CH; methyl groups can be
exploited in yet another way. Recall that cross-correlated spin
relaxation is at the essence of the methyl-TROSY effect [31],
Fig. 1. To understand how it can be used in the present application
consider the energy level diagram of Fig. 11A, where only the 'H
transitions of a methyl group are illustrated. As discussed in the
context of Fig. 1, for methyls spinning rapidly and attached to mac-
romolecules tumbling slowly, each of the 'H coherences relaxes in
a single exponential manner either rapidly (rate of RJ;H) or slowly
(R3 ). The non-equivalence of transverse relaxation rates can be
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Fig. 10. (A) Schematic of the magnetization exchange experiment for measuring
slow time-scale exchange events in proteins. During the mixing period, Tyx,
magnetization labeled by '>C chemical shift in t; exchanges between states to
produce a spectrum with both diagonal- (magnetization that has not exchanged)
and cross- (exchange) peaks that can be quantified to measure the kinetics of the
exchange process. (B) Buildup curves for the transfer of magnetization from sites ‘A’
to ‘B’, ‘A’ to ‘C’ and ‘B’ to ‘C’ as monitored by Met-1. (C) Exchange spectrum recorded
with Tyx = 0.5 s, showing both diagonal- and cross-peaks. Horizontal traces taken
at the resonance position of the Met-1 peak for the ‘A’ state, Ty;x = 0 (green) and
Twvix = 0.5 s (red), are plotted. Modified from Sprangers et al. [62] and Religa et al.
[39]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

exploited to create 'H double-quantum coherence (2Q) in a methyl
group even though there is no observable "H-'H splitting in the 'H
spectrum [48,49]. The amount of 2Q coherence created, so called
forbidden coherence because it is generated by the relaxation
in-balance R’;H#R;H rather then by evolution of a coupling
interaction [50], is related to the dynamics of the methyl group,
most importantly to the square of an order parameter, Suis,
describing the amplitude of motion of the methyl axis [51]. Values
of S, can be obtained by quantifying the intensities of cross-peaks
that directly report on (i) the amount of the forbidden 2Q
coherence created (proportional to exp(—R;,T) — exp(—Ré‘HT))
and (ii) the total '"H magnetization (proportional to exp(—R5 ,T)+
exp(fRé_HT)) [51], Fig. 11A (right panel). This methodology has
been evaluated by comparing the resulting S values obtained
for the lle, Leu, Val methyls of o0 ("*CH; moieties) with S

quantified via 2H and '3C based methods using '*CHD, methyl
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Fig. 11. Energy level diagram for an X3 spin system of a methyl group. Slow (fast)
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with purple arrows. Intensities of cross-peaks that are created via 2Q (Iforbiaden) and
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axis
S2,. values derived using the methodology in (A) and obtained for the Ile, Leu, Val

methyls of a;01; ('>CH; moieties) are in good agreement with order parameters
quantified via >H and '*C based methods using *CHD, methyl groups [38]. (C) fter

Lallowed

vs. time proﬁles measured for Met-1, Met1, Met6 and Met40 of WT o, with the
values of S, obtained from fits of the data indicated directly above the curves.
Modified from Tugarinov et al. [51] and Religa et al. [39].

groups [38], Fig. 11B, with a high level of agreement obtained
[38,51].

Fig. 11C plots 4 lonitden 5 time profiles measured for Met-1, Met1,
Met6 and Met40 of WT o, with the values of SZ,;, obtained from
fits of the data indicated directly above the curves. Order parame—
ters for Met-1, Met1 and Met6 are very low (for all states S2,;, < 0.1)
suggesting that the gating termini are not structured. By compari-
son S, = 0.3 for Met40 that is located in a well-structured region
of the protein.

The above discussion establishes that the gating residues un-
dergo both very slow (seconds time-scale) and very rapid (ps-ns)
fluctuations. However, the absence of correlations in "H-'°N TRO-
SY spectra of o for the gate (Fig. 4A) [21] and the very low inten-
sity "H-'3C cross-peaks for the Ile residues that were introduced
into the N-termini (Fig. 4B) [39] together provides strong evidence
for the presence of motion on a pis-ms time-scale as well. In order
to quantify such a process we have developed a 'H-based Carr-
Purcell-Meiboom-Gill (CPMG) relaxation dispersion pulse scheme
in which a variable number of 'H 180° refocusing pulses are ap-
plied during a constant-time relaxation delay [52]. The resultant
profiles plotting the transverse relaxation rate, Raef VS.

vepmg = 1/(25), where § is the time between successive 180° pulses,
can be fit to extract absolute values of chemical shift differences
between exchanging states, |Awm|, the fractional populations of
such states and the kinetics of interchange [53].

The inherent spin physics of the methyl group that has been so
‘accommodating’ in the work that has been described to this point
(ie., Methyl—TROSY, using cross-correlated 'H relaxation to mea-
sure S2,.) now works against us for this application. The source
of the problem can be understood by considering the energy level
diagram for an Hs methyl spin-system that highlights the fast and
slowly relaxing 'H coherences, Fig. 11A. Consider an application to
a high molecular weight protein. The rapidly decaying transverse
'H magnetization components can be ignored because they con-
tribute little to the observed signal so that only the slowly relaxing
transitions must be considered. During the constant time CPMG
element a significant number of 'H 180° pulses are applied and
even an experienced spectroscopist cannot make them perfect.
One of the effects of pulse imperfections is to interchange the pro-
ton transitions in the 3/2 manifold so that the slowly relaxing tran-
sition (corresponding to the middle transition of Fig. 11A) is
converted into rapidly relaxing coherences (corresponding to the
outer transitions in the diagram) that decay prior to acquisition.
Since this conversion increases with the number of 'H refocusing
pulses until a plateau is reached, relaxation dispersion profiles
are obtained where R; ¢ increases with vepyg, the opposite of what
is generally observed in the case of chemical exchange [54].

The solution to the problem is to work with a simpler spin-
system that avoids the problem altogether. This can be accom-
plished using an AX-like spin system, well approximated by a
13CHD, moiety [52]. Fortunately, precursors for producing lle,
Leu, Val and Met with this labeling pattern are available
commercially [55] so that preparing proteins with the requisite
labeling is straightforward.

Fig. 12 plots the dispersions profiles measured using a highly
deuterated '>CHD,-Met o; sample for Met-1/Met1 of states ‘A’, ‘B’
and ‘C’ of the proteasome gate at static magnetic fields of 14.1
(black) and 18.8 T (red), 50 °C. All profiles from Met-1, Met1 and
Met6 were fit simultaneously to a model of 2-site chemical ex-
change (solid lines). Fractional populations of exchanging states of
Pc = 94% (ground, visible state) and pg = 6% (excited, invisible state)
and an interconversion rate of 1030 s~! (sum of forward and reverse
exchange rates) were obtained, along with | Aw| values shown in the
panelsin the Fig. [52]. Although the fits are reasonable, for a number
of correlations it is clear that a process more complex than 2-state is
likely to be operative (see insets that extend to vcpyg values of 2 kHz
where the fits at high frequencies are suspect).

We have recently shown that for small protein domains (less
than 100 residues) exchanging between ground (visible) and ex-
cited (invisible) states on the ms time-scale, pg > 0.5%, it is possible
to measure backbone 'H, *C and >N chemical shifts of the excited
state via CPMG relaxation dispersion experiments not unlike the
one used to generate the data of Fig. 12 [56]. These chemical shifts
can, in turn, be used as restraints in structure calculations to pro-
duce atomic resolution models of the excited conformer [56,57].
The |A®| values measured for the Met residues, Fig. 12, provide
only minimal insight into the nature of the excited state, but the
significant chemical shift differences relative to the ground state,
in particular for conformers ‘B’/‘C’, do suggest substantial changes
in the environments of the methyl probes between ground and ex-
cited state structures.

The results of the present section establish that the archaeal
proteasome gating residues are dynamic over a broad spectrum
of time-scales, extending from pico-seconds to seconds