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Abstract: A pulse scheme is presented for quantifying millisecond
time scale chemical exchange processes in proteins by measuring
"H CPMG relaxation dispersion profiles of '*CHD, methyl groups.
The use of ®*CHD, isotopomers for 'H methyl dispersion experi-
ments eliminates problems with interconversion between differ-
entially relaxing proton transitions that complicate the extraction of
accurate exchange parameters when '*CHj; probes are used. Good
agreement is demonstrated between extracted chemical shift dif-
ferences from fits of dispersion profiles and the corresponding
differences measured independently on a model exchanging system,
validating the experiment. The methodology is applied to the gating
residues of the T. acidiphilium proteasome that are shown to undergo
extensive motion on the millisecond time scale.

Over the past decade the utility of methyl groups in NMR studies
of protein structure and dynamics has been clearly demonstrated.' 3
The success of methyls as macromolecular probes arises, in part,
from their inherent spin physics that leads to classes of both slowly
and rapidly relaxing transitions.*> The development of simple
experiments that isolate these slow/fast relaxing '*CHj transitions
and prevent them from mixing has played an important role in
improving the sensitivity and resolution of '3C—'H methyl cor-
relation maps,” thereby facilitating studies of protein systems with
aggregate molecular weights in the hundreds of kDa.*®® Isolation
of the differentially relaxing methyl coherences can also be critical
to the accuracy of measured relaxation rates that probe motional
processes in proteins, as illustrated by the 'H Carr—Purcell—
Meiboom—Gill (CPMG) relaxation dispersion method that quanti-
fies millisecond (ms) time scale dynamics.” In this experiment a
variable number of 'H refocusing pulses are applied during a CPMG
element to modulate the effective methyl 'H-transverse relaxation
rate, R, s, from which the thermodynamic and kinetic parameters
that describe the exchange process can be obtained. However,
(unavoidable) imperfections in the refocusing pulses lead to the
interconversion of slow/fast relaxing 'H coherences, producing
significant artifacts in dispersion data sets that complicate extraction
of robust exchange parameters.'® We have recently developed a
pulse scheme that suppresses these artifacts but at the expense of
an approximate 10-fold reduction in sensitivity relative to a simple
13C,'H HMQC spectrum.'’ Clearly such sensitivity losses are
unacceptable in studies involving high molecular weight proteins
where signal-to-noise (s/n) is a major concern.

The simplest way of preventing the interconversion between
differentially relaxing methyl 'H transitions resulting from pulse
imperfections during the CPMG pulse train is to perform experi-
ments using a ‘simplified” methyl spin system with only a single
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proton, such as would be provided by a '*CHD, probe. We have
recently shown that the s/n of '*C,'H methyl correlations in spectra
of U-[?H], lle-['*CHD, 1], Leu,Val-['*CHD,, 3CHD,]-labeled half
proteasome (360 kDa) is 1.5—2-fold lower than that for data sets
measured on U-[?H], Ile-[')CH; 01], Leu,Val-['*CH3,'>)CD;]
samples.'? Thus, while there are sensitivity losses associated with
13CHD,- compared to '*CHj-labeling, the losses are not expected
to be prohibitive and are certainly much less extreme than the factor
of 10 mentioned above. In what follows, a methyl-based 'H CPMG
pulse scheme for quantifying ms exchange dynamics in proteins is
presented that exploits the simplicity of the '*CHD, probe. The
utility of the approach is established through cross-validation using
a protein—ligand exchanging system that has been well character-
ized previously,'* and an application to quantifying ms time-scale
exchange in the 7. acidiphilium proteasome is presented.

Figure 1 shows the pulse scheme that has been developed for
recording 'H CPMG dispersion profiles of '*CHD, methyl probes
in highly deuterated proteins. Central to the experiment is the
constant-time CPMG element'* between points a and b, during
which time 'H transverse magnetization evolves as a function of
vepmg = 1/(4tcp), where 7cp is the duration between successive
180° refocusing pulses. The constant-time relaxation period, Tiejax,
is divided into two equal elements, separated by a 180° pulse of
phase ¢, that is applied along an axis orthogonal to the CPMG
pulses. As described previously, this central pulse leads to a
refocusing of artifacts that are produced from pulse imperfections
and resonance offset effects during the CPMG element.'” After
the delay Tiex, °C chemical shift evolution is recorded with
preservation of both cosine and sine modulated ¢, components'®'”
that are subsequently transferred to 'H for observation (z,) using a
planar-TOCSY mixing scheme'®'® that minimizes exchange medi-
ated relaxation losses. Ryi(Vepmg) Values are calculated as
(MU T e1ax) In(Zo/I(vepmc)) where I and [, are the intensities of peaks
in spectra recorded with and without the CPMG element,'
respectively.

Ry i(vepmc) rates can be highly sensitive to chemical exchange.
A second process, unrelated to chemical exchange, results from
the evolution of '"H magnetization due to the one-bond 'H—'3C
scalar coupling, Jcp, that will also modulate R, .. Starting from
point a of Figure 1 the magnetization of interest, 21,C; (A; is the i
€ {x,y,z} component of A magnetization), interconverts with 7, as
a function of 7cp. The imbalance in relaxation rates between in-
phase (I,) and antiphase (2,C,) 'H magnetization can create artificial
dispersion profiles? that can be calculated as>'

sin(ZnJCHrCP))

Ry i(Tep) = Ry + 05(R,;, — R, A)(1 oo

(1)
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Figure 1. Pulse scheme of the enhanced sensitivity methyl 'H CPMG dispersion experiment for studies of ms time scale exchange in '*CHD,-labeled
proteins. All pulses are applied along the x-axis unless indicated otherwise. All 'H and *C pulses are at the highest possible power levels, with the exception
of the 'H pulses during the constant-time CPMG element, including the flanking 90° pulses, that are applied with a field strength of 10 kHz. A pair of 8kHz
'H/3C DIPSI-2x elements®’ are used to effect heteronuclear cross-polarization (duration of ~1/Jyc), and '3C decoupling during acquisition is achieved with
a 2 kHz WALTZ-16 field.?® 1.5 kHz 2H pulses flank the 550 Hz ’H decoupling element. The values of ,, 7, and 7. are set to 2 ms, 550 us, and 575 us,

respectively. The delay Trenax is set for ~50% intensity reduction relative to Trox = 0. N is any integer. The phase cycle employed is as follows: ¢,

= (x,—x),

¢ = 2(x),2(—x),¢3 = 2(x),2(—x), ¢4 = y, rec. = x,2(—x),x. Quadrature in F; is obtained by recording a pair of data sets for each #; value corresponding to
(85,¢4) and (—g5,—¢4). Durations and strengths of the z-axis gradient pulses are (ms,G/cm): gl = (1.0,40), g2 = (0.6,16), g3 = (1.0,—24), g4 = (0.3,30),

85 = (0.25,—60), g6 = (0.125,29.64).

in the limit 2mJcy™> Ry — Roa Where Ry (R 4) is the transverse
relaxation rate of in-phase (antiphase) magnetization. To excellent

approximation®? (see Supporting Information, SI)
2 232
) )23VHVCh
Ry — Ry, = =2 | 2 2
21 24 (4:'[ 10r,6_,C J(we) (2)

where y; is the gyromagnetic ratio of spin j, ryc is the intramethyl
'"H-'3C distance, and J(wc) is the spectral density function
describing the methyl group dynamics evaluated at a frequence of
we. Loria et al.?° insert an element in the center of the CPMG
train that eliminates the 7cp dependence on R, . from the relaxation
mismatch so that R, .¢(7cp) = 0.5(R,; + R».4). We have chosen not
to use such a scheme here since (i) it then becomes possible to
record dispersions with vcpy values that are half as large as would
be otherwise possible, an important consideration in cases where
exchange rates are small'® (on the order of 100—200 s™1); (ii) Ra;
— Ry4 values are typically very small (<0.5 s!, on average, in the
systems studied here) so that errors in dispersion profiles are less
than 0.3 s™!, well within experimental noise for most applications
(see below); (iii) nonzero values of R,; — R4 can be explicitly
taken into account in fits of dispersion profiles using an exchange
matrix that includes both *C and 'H spins (software can be
downloaded at http://pound.med.utoronto.ca/software).

In order to evaluate the methodology we have first recorded 'H
dispersion profiles on a U-[?H], Ile-['*CHD, 61], Leu,Val-
['*CHD,,"3CHD,]-protein (abplp SH3 domain) — U-[?H] ligand
(Arklp peptide) exchanging system that has been described in
detail previously'? and for which chemical shifts of the free and
bound protein states are already known.>*> A comparison of the
extracted shift differences from fits of CPMG dispersion profiles,
Awy(CPMG), with the corresponding values obtained directly from
analyses of spectra of peptide free and fully bound protein,
Awry(direct), provides a sensitive test of the methodology. Figure
2a plots Ry ei(Vepma) VS Vepme for 1le26HO 1 and Leud9HA 1 recorded
at 600 and 800 MHz, at 25 °C (i) and 5 °C (ii). Dispersion profiles
are small; of the 18 Ile, Leu, Val methyl groups in the abplp SH3
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Figure 2. (a) 'H methyl relaxation dispersion profiles for lle26HA1 and
Leud9HO1 recorded at 600 (black) and 800 (red) MHz, at 25 °C (i) and 5
°C (ii). Continuous lines are the fits to the data (circles for Leu49/squares
for Ile26) assuming a model of two-site exchange. (b) Correlation of
Awy(CPMG) vs Awy(direct) (Awy = @ape — @Holo)- Red (blue) points
are those for which the signs of Azy(CPMG) were (were not) obtained by
the method of Skrynnikov et al.? In cases where signs could not be
elucidated using this approach they were obtained directly from spectra of
apo and fully ligand bound protein.

domain the largest R ex(Vepmc) curve is from Leud9HO 1, while the
profile for Ile26HA1 is more typical with Ry e = Roeii(Vepmg = 25
Hz) — Rocii(vepmc = 1kHz) &~ 1 87!, which is fit with a very small
Awy value (0.04 ppm). Nevertheless, good fits (continuous lines)
to the data (circles/rectangles) are obtained when all of the
dispersion curves at a given temperature are fit simultaneously to
a model of two-site exchange that has been described previously.'?
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Figure 3. (a) Space filling cross-sectional side-view representation of the
20S CP proteasome (017373707) from Thermoplasma acidophilum, showing
the relative positions of the a-annulus, the antechambers and the catalytic
chamber.*® (b) *C,'"H HMQC correlation map of U-[’H], Met-["*CH;] o,
50 °C. Correlations from Met-1/Met1 are labeled A, B, and C. (c) Structure
showing two of the seven o subunits of o; with gating termini either ‘out’
or ‘in’ the lumen of the proteasome barrel. Peaks labeled A and B/C in the
spectrum derive from the ‘out’ and ‘in’ conformations, respectively

Figure 2b correlates Awy(CPMG) vs Awy(direct), and the good
agreement is apparent. The slightly poorer correlation for the data

recorded at 5 °C reflects the fact that smaller dispersion profiles
are measured at the lower temperature. Although the plotted
correlations are based on an analysis that includes residue specific
Ry — R, values (see SI), only small changes in 7> and rmsd are
noted when R,; — R,4 = 0 is assumed (> = 0.97, rmsd = 8.0 ppb
vs ¥ =0.99, rmsd = 5.7 ppb for the 25 °C data). In general, it is
not anticipated that the in-balance in relaxation rates will lead to
measurable errors in extracted exchange parameters, especially in
cases where amplitudes of dispersion profiles are larger than 2—3
s, This effect will become even smaller as applications extend to
larger proteins since J(wc) decreases with molecular size (see eq
2).

Satisfied that the methodology is robust, we focus now on an
application probing ms time scale dynamics in the gating residues
of the 20S core particle proteasome (20S CP). The 20S CP is a
barrel-like structure comprised of four heptameric rings,>* Figure
3a, that are arranged one on top of the other, and in the 7.
acidophilium version that we study here each of the rings consists
of identical o~ (3-) subunits (referred to as ay, ;) to form an
07373707 structure. The N-terminal 10—15 residues of each a
subunit play a critical role in preventing intrinsically disordered or
partially disordered proteins from inadvertently entering the pro-
teasome chamber and undergoing untimely degradation (gating).
Previous studies by our group have provided evidence of ms
dynamics in the gate region.®>*?> For example, the absence of
ISN—!HN correlations from amides localized to regions surrounding
the gating residues in spectra of o; (180 kDa) and the low intensity
of 3C—'H methyl correlations derived from Ile, Leu, and Val probes
in 007 that are in the vicinity of the gate are consistent with the
presence of ms time-scale motions.

In a recent study we have quantified the structural and motional
properties of the proteasome gates using a highly deuterated Met-
['*CH3] sample of o (ref 25). Methionine residues are often highly
flexible, and it was anticipated that the high degree of mobility
would at least partially ‘average away’ exchange contributions to
peak line widths, permitting measurement of high quality data sets.
A BC,'H correlation plot of Met-labeled o is presented in Figure
3b, illustrating that excellent spectra can be obtained with this
labeling scheme and, of interest, that the number of observed
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Figure 4. 'H methyl relaxation dispersion profiles for M-1 and M1 (states A, B, and C) of o recorded at 600 (black) and 800 MHz (red), 50 °C, and fit to a model
of two-site chemical exchange. Values of IAw! extracted from fits are listed. 'H dispersion profiles recorded to 2 kHz (600 MHz) are illustrated in insets.
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correlations is larger than the expected 5 (Met-1, Metl, Met6,
Met40, Met120) (ref 25). We have shown previously that the extra
peaks result from the fact that each of the gating termini can exist
in three discrete states, Figure 3c, one of which is outside the lumen
of the barrel,?® and the correlations labeled ‘A’ in Figure 3b for
Met-1 and Metl are derived from this state. The gating residues
for the other two conformers are inside the lumen (peaks ‘B’/‘C’
in Figure 3b). These results have important implications for function
since by extending into the 20S CP the termini decrease the surface
area of the o-annulus that forms the gateway for substrates to enter
the proteasome, thereby ‘closing the gate’. Moreover, the gates are
highly dynamic over a broad spectrum of time scales. They
interconvert between ‘in’ and ‘out’” with lifetimes of each state on
the order of several seconds as established by magnetization
exchange spectroscopy, experience a wide range of ps—ns motions,
and, as described above, undergo ms fluctuations.>> The presence
of high intensity peaks for Met-1, Metl, and Met6, localized to
the gating region of each subunit, suggests that unlike for amides
and lle, Leu, and Val methyl probes of the gates that give rise to
spectra of poor quality, the Met gate residues can be used to
accurately quantify ms exchange processes.

A sample of highly deuterated Met-['*CHD,] a; was prepared
by addition of Met-['*CHD,] (other positions on the Met precursor
are protonated) to protein expression media prior to induction, as
has been described previously.?> Dispersion curves were subse-
quently recorded at 600 (black) and 800 (red) MHz, 50 °C, using
the scheme of Figure 1 and all profiles from M-1, M1, and M6 fit
simultaneously to a model of two-site chemical exchange (solid
lines). Values of pg = 6.0% (population of the minor state) and
kex = 1030 s™! (sum of forward and reverse exchange rates) were
obtained, along with |Azl values for each residue that are shown
in the panels of Figure 4. Although the fits are reasonable, for a
number of correlations it is clear that a process more complex than
two-state is likely to be operative (see insets that extend to Vcpmg
values of 2 kHz). Fits of dispersion profiles were also performed
therefore by analyzing curves from (i) the ‘in’ and ‘out’ states
independently or from (ii) states A, B, and C independently. Values
of shift differences were very similar to those obtained from the
global fit, with pg and k., ranges of 5—10% and 900—1700 s,
respectively. Extraction of robust exchange parameters/shifts was
not possible from independent fits of profiles from state A since
the smaller Az values place the exchange time scale close to the
fast regime. Presently we have not elucidated the structural
properties of the gating residues in the excited state. However, it
is clear that there are significant chemical shift differences relative
to the ground state, in particular for conformers B/C, suggesting
substantial changes in the environments of the methyl probes
between the different exchanging conformers. Of interest, in this
application Met '3C methyl dispersion profiles are significantly
smaller than the corresponding curves for '"H (maximum dispersion
sizes of 3—4 s7!). This emphasizes the complementarity between
previously developed *C dispersion schemes for quantifying methyl
exchange®® and the 'H based method proposed here.

In summary, a sensitive pulse scheme has been presented for
studying ms time-scale exchange using '*CHD, methyl probes in
proteins. The accuracy of the methodology has been established
by comparing chemical shift differences extracted from fits of
dispersion profiles with the corresponding values measured on a
system for which it is possible to record high quality spectra of
both exchanging states through the manipulation of sample condi-

tions. An application to the oy ring of the proteasome shows that
the gating residues undergo ms time scale exchange that is
reasonably well modeled by assuming that the dominant conformer
exchanges with a low populated state at a rate of ~1000 s~'.
Structural differences in gating residues between ground and excited
state conformers are likely to be significant, especially for the ‘in’
conformers, where Met 'H chemical shift differences between the
interconverting conformations are large. The '"H CPMG experiment
described here extends the utility of methyl group probes as
powerful reporters of protein structure and dynamics.
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