Downloaded via Gideon Clore on November 30, 2022 at 17:42:10 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

A “Steady-State” Relaxation Dispersion Nuclear Magnetic
Resonance Experiment for Studies of Chemical Exchange in
Degenerate 'H Transitions of Methyl Groups

Vitali Tugarinov,* Yusuke Okuno, Francesco Torricella, Theodoros K. Karamanos,

and G. Marius Clore*

Cite This: J. Phys. Chem. Lett. 2022, 13, 11271-11279

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Degenerate spin-systems consisting of magnetically
equivalent nuclear spins, such as a 'H; spin-system in selectively
3CHj-labeled proteins, present considerable challenges for the
design of Carr—Purcell-Meiboom—Gill (CPMG) relaxation
dispersion NMR experiments to characterize chemical exchange
on the micro-to-millisecond time-scale. Several approaches have
been previously proposed for the elimination of deleterious
artifacts observed in methyl 'H CPMG relaxation dispersion
profiles obtained for (*C)'Hj groups. We describe an alternative,
experimentally simple solution and design a “steady-state” methyl
"H CPMG scheme, where 90° or acute-angle (<90°) 'H radiofrequency pulses are applied after each CPMG echo in-phase with
methyl 'H magnetization, resulting in the establishment of a “steady-state” for effective rates of magnetization decay. A simple
computational procedure for quantitative analysis of the “steady-state” CPMG relaxation dispersion profiles is developed. The
“steady-state” CPMG methodology is applied to two protein systems where exchange between major and minor species occurs in

different regimes on the chemical shift time-scale.

MR spectroscopy is a powerful tool for studying
chemical exchange processes in proteins.' * For
exchange processes occurring on the micro-to-millisecond
time-scale, Carr—Purcell-Meiboom—Gill (CPMG) schemes™®
that modulate the effects of chemical exchange by application
of a variable number of refocusing (180°) radiofrequency (RF)
pulses during a constant time period are usually the method of
choice.””™ Analysis of exchange-induced changes in nuclear
relaxation rates as a function of the frequency of application of
refocusing pulses (relaxation dispersion profiles) allows the
kinetics of exchange to be quantified. Methyl-bearing side-
chains in the hydrophobic cores of protein structures play a
special role in these studies.'” Considerable efforts have been
devoted in the last two decades to developing CPMG NMR
experiments that use selectively *C-labeled methyl groups as
probes of exchange processes on the microsecond—millisecond
time-scale."'> One subclass of these experiments targets the
three magnetically equivalent 'H spins (A; spin-systems) in
selectively '*CHj-labeled proteins on a highly deuterated
background."”™"* Methyl 'H chemical shifts may be more
sensitive to environment than those of other nuclei/sites,
making them particularly attractive probes of microsecond—
millisecond dynamics.
The H; spin-system of a methyl group, however, presents
considerable challenges for the design of CPMG experiments,
as the completely degenerate 'H transitions of such spin-
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systems have vastly different relaxation rates in the macro-
molecular limit. Accumulation of even minor imperfections of
the refocusing "H RF pulses during the CPMG pulse-train can
intermix the slow- and fast-relaxing components of methyl 'H
magnetization, leading to artifactual relaxation dispersion
profiles even in the absence of exchange.'”'*'® Several
solutions to this problem have been previously suggested, in
addition to recording 'H relaxation dispersions on '*CHD,
methyl isotopomers.'” One solution involves isolation of 'H
transitions belonging to the I = 1/2 manifold of the *CH,
spin-system, which behaves as a '*C—'H moiety."”'> This
approach, however, is associated with large sensitivity losses.
Alternatively, methyl multiple-quantum (*C—'H) and single-
quantum *C relaxation dispersion profiles may be analyzed
simultaneously for extraction of changes in methyl 'H chemical
shifts."® This approach may be not as robust as direct
recording of methyl '"H CPMG data. Another ingenious
solution was recently suggested by Kay and co-workers and
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amounts to the application of a constant number of
compensatory pulses during the CPMG relaxation delays
that effectively “average out” the nonidealities of the refocusing
pulses making them independent of CPMG frequency.'* This
CPMG scheme (dubbed “compensated CPMG” in the current
paper) is methyl- TROSY'® based and geared primarily toward
very high molecular weight proteins.'* Here, we describe
another technically simple, alternative approach involving the
design of a methyl '"H CPMG scheme, where 90° or acute
(<90°) 'H RF pulses are applied after each CPMG echo in-
phase with methyl "H magnetization, and develop a procedure
for quantitative analysis of the resulting relaxation dispersion
profiles.

Figure 1 shows the energy level diagram of a spin system
consisting of three magnetically equivalent nuclei in a methyl
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Figure 1. Energy level diagram of the Xj spin-system of a methyl
group. Slow-relaxing single-quantum 'H transitions belonging to the
I'=3/2 and I = 1/2 manifolds are shown by the red and green vertical
arrows, respectively. Fast-relaxing (Rp) and triple-quantum (TQ)
transitions are shown with blue and black arrows, respectively. The
spin quantum numbers, I, of the three manifolds are specified below
the diagram. The eight 'H eigenstates described by linear
combinations of li, j, k) (i, j, k € {a, #}) are shown on the right.

group (H,;). Although "“CH; methyl groups are used in
practice, "*C transitions are omitted from the diagram for
simplicity. The energy level diagram contains one manifold
with spin I = 3/2 and two with I = 1/2. All five 'H transitions
in Figure 1 are completely degenerate and give rise to a single
peak in the NMR spectrum. In the macromolecular limit,
transverse spin relaxation of the inner 'H transitions of both
manifolds occurs with slower rates (RY? for the I = 3/2 and
RY? for the I = 1/2 manifold, shown with red and green arrows
in Figure 1, respectively), while the outer 'H transitions of the
I = 3/2 manifold (Rg, blue arrows) have much faster rates of
decay.'® Triple-quantum (TQ) 'H transitions between the
states I1) and |4) relax with a distinct rate, Ryq (black arrows).

The “steady-state” pulse scheme for recording methyl 'H
CPMG relaxation dispersion in "*CH; methyl groups is shown
in Figure 2A. The experiment employs a heteronuclear
multiple quantum coherence (HMQC) “read-out” scheme'**
with active selection of the slow-relaxing, inner methyl 'H
transitions (shown by the red and green vertical arrows in
Figure 1) by the element of duration 27,.*" The constant-time
CPMG period of total duration T is subdivided into two parts
to “equalize” the relaxation rates of methyl 'H magnetization
in-phase and anti-phase with respect to methyl *C spins. Each
CPMG echo (the period enclosed in square brackets in Figure
2A) is followed by an 'H RF pulse applied with a variable flip-
angle f with the phase collinear to that of the 'H
magnetization and cycled +180° with retention of the receiver

phase (shown in green in Figure 2A and referred to as the “f
pulse” in the following).

It is instructive to consider first the effects of application of
only a few /3 pulses on the relaxation of the signal (S) detected
at the end of the experiment. Analytical expressions for methyl
signal intensity I, obtained after application of n = 1, 2, and 3
pulses during the relaxation delay T for f = 90° and 54.7°
(“magic” angle) are shown in Figure 2B. The coefficients
before each exponential term in Figure 2B for # = 54.7° are
shown in italics (colored in magenta) and enclosed in curly
brackets. While relaxation during the period T is biexponential
after the application of a single B pulse, it becomes
multiexponential and more complex as the number of pulses
(n) grows (Figure 2B). It can be shown that the total number
of exponential terms grows as (n + 1) if the terms including
Rrq (Ofq) are excluded, and as (1/2)(n* + 3n) for all terms.
As a result, the rates of decay of methyl magnetization may
only be classified as “apparent” effective rates, R3¥% = —(1/T)
In(I/1,), where I is initial signal intensity (at T = 0). It is also
clear from the comparison of pre-exponential factors before the
fast-(Rg) and slow-(R)-relaxing terms for f = 90° and 54.7° in
Figure 2B, that for small n, the relative weights of the slow-
relaxing terms increase for smaller (<90°) angles f (e.g, the
ratio of the slow-to-fast weights is 1 and 2 for § = 90° and
54.7°, respectively, for n = 1; and 3/2 and 9/4 for f = 90° and
54.7°, respectively, for n = 2). For larger , the intensities of the
detected signal and, as a consequence, the rates R, will
converge to some limiting, “steady-state” values, with the rate
of this convergence dictated by the choice of angle f (see
below and the Supporting Information). In the following, we
drop, for simplicity, the superscript “app” from the notation for
effective R, rates.

We first ascertained that flat relaxation dispersion profiles are
obtained in the experiment of Figure 2A in the absence of
exchange. The profiles, simulated on-resonance and in the
absence of exchange using the full density matrix representa-
tion in the basis of Figure 1 as a function of the number of
pulses n, are shown in Figure 3A. As expected, when the f
pulses are omitted, the imperfections of the "H 180° pulses
accumulate with the number of CPMG echoes leading to
growing dispersion profiles even in the absence of exchange
(cf. solid green curve and dashed green line in Figure 3A). This
behavior of methyl 'H CPMG profiles has been documented
in the literature."”'*' Inclusion of the B pulses largely
“flattens” the profiles in the absence of exchange, with small
residual oscillations of R, .4 observed at the beginning of the
profiles before the “steady-state” is achieved (black, blue, and
red curves). Importantly, these profiles are completely
insensitive to imperfections of refocusing (180°) pulses in
the CPMG pulse-train and are indistinguishable from each
other irrespective of the value by which the refocusing pulses
are mis-set. Note that in practice, the first CPMG frequency,
Vcpme sampled in the experiment of Figure 2A corresponds to
4 f3 pulses (n = 4 and nc = 2 in Figure 2A; marked by the
vertical dashed line in Figure 3A). It is also noteworthy that
lower values of the angle f change the convergence properties
of the profiles somewhat (Figure 3A) by increasing the relative
contribution of the slow-relaxing coherences to the detected
signal (Figure 2B). Figure 3B shows typical experimental
relaxation dispersion profiles obtained for ILV methyls of
ubiquitin (5 °C; rotational correlation time 7 in D,0 ~ 11
ns) and Ile61 methyls of Malate Synthase G (MSG, 37 °C; 7
~ 45 ns), where no detectable exchange occurs. The lower
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Figure 2. 'H CPMG relaxation dispersion in '*CH; methyl groups. (A) Pulse scheme for recording 'H CPMG relaxation dispersion in '*CH;
methyl groups. All narrow and wide rectangular pulses are applied with flip-angles of 90° and 180°, respectively, along the x-axis unless indicated
otherwise. The 'H carrier is positioned in the center of the Ile?’-Leu-Val (ILV) methyl region (0.4—0.5 ppm), while the '3C carrier is positioned at
20 ppm for ILV-labeled samples. All 'H and *C pulses are applied with the highest possible power, with WALTZ-16 '*C decoupling®* achieved
using a 2.5 kHz RF field. The pulses shown in green are applied after each CPMG echo with a variable flip-angle /3 (see text). A 'H spin-lock field
(10 kHz, y-axis) is applied for 40 ms after acquisition (“SL,”). This spin-lock and the subsequent 'H purge pulse eliminate all transverse
components of magnetization before the start of the experiment. Delays are as follows: 7, = 1/(4"Jcy) = 2.0 ms; 7, = 1/(8'Jcy) = 1 ms; and Tis a
constant time relaxation delay. An even number of CPMG cycles (nc) is employed. Phase cycling is as follows: ¢p1 = x, —x; 2 = 4(y), 4(=); ¢3 =
4(x), 4(—x); P4 = 2(x), 2(—x); ¢S = 2(y), 2(—y); P6 = x; receiver = x, —x, —x, x. The durations and strengths of pulsed-field z-gradients in units
of (ms; G/cm) are gl = (1; 40), g2 = (0.5; 20), g3 = (0.4; 30), g4 = (0.5; 25), g5 = (1.2; —25), g6 = (0.6; —25). Quadrature detection in F, is
achieved by States-TPPI incrementation®® of phase ¢6. Details of experimental parameters are provided in the Supporting Information. (B)
Analytical expressions for the methyl signal intensity I obtained after application of 1, 2, and 3 variable angle § pulses (shown in green; phase-cycled
+ y) during the relaxation delay T. The signal detected at the end of each experiment (shown with vertical arrows and labeled “S”) is assumed to
consist of the central, slow-relaxing transitions only (red and green arrows in Figure 1). Relaxation of all methyl 'H transitions is assumed to be
single-exponential. The coefficients listed in the expressions on the right are for # = 90°, while those calculated for # = 54.7° (“magic angle”; ~55°)
are shown in curly brackets, in italics, and colored in magenta. Relaxation rates of the slow-relaxing transitions of the I = 3/2 and I = 1/2 manifolds
are assumed to be the same, RY?= RY/? = R, for simplicity. The terms “Orq” include the relaxation rates Ryq.

profiles for each methyl site in both proteins in Figure 3B are at the expense of somewhat higher limiting (“steady-state”)
obtained with the scheme in Figure 2A with § pulses omitted.
Application of f pulses, with 3 set to 90°, provides largely flat
profiles, with only minor (<1 s™') oscillations at low CPMG
frequencies. Very similar data were obtained for 3 set to 55°

and 60° for ubiquitin and MSG methyls, respectively. In a

values of R, .. Below, we briefly summarize how these “steady-

state” rates can be calculated in the absence of exchange.
The transformation corresponding to the application of a 'H

REF pulse with flip-angle S, f’ﬁ, applied with a phase collinear to

sense, the convergence to the limiting value of R, ¢ is achieved
in the absence of § pulses too (lower profiles in Figure 3B).
The application of  pulses effectively accelerates this process

that of methyl 'H magnetization and phase-cycled as in Figure
2A, can be represented by the matrix operating on the column
vector of magnetizations, M

(3 + cos 2f3) (1 = cos 2f3) (cos2p — 1) 0 F
~ﬂ]\71 _1 (3/2)(1 = cos2p) (1/2)(5 + 3cos2p) (3/2)(1 —cos2p) 0 i, it = §3/2
41(3/2)(cos 28 = 1) (3/2)(1 = cos2B) (1/2)(5 + 3cos 28) 0 Q
0 0 0 4 s/ (1)
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Figure 3. Effect of § pulses on methyl '"H CPMG relaxation dispersion profiles in the absence of exchange. (A) Relaxation dispersion profiles
simulated using the full density matrix representation in the basis of Figure 1 as a function of the number of § pulses #, in the absence of exchange
and on-resonance. The dashed green line corresponds to the profile obtained for ideal 180° pulses during the CPMG period and f pulses omitted;
the solid green curve was generated for 180° pulses during the CPMG period mis-set by 12° and f pulses omitted; the profiles shown in black, blue,
and red were generated with f pulses included and phase-cycled as in Figure 2A, with f set to 90°, 70°, and 54.7°, respectively. The vertical dashed
line is drawn at n = 4 (see text). The following parameters were used in the simulations: Ry = 45 s7; RY?=RY? =Ry =857} Rrq =35 s7 T=60
ms. (B) Representative experimental dispersion profiles obtained in the absence of exchange for ILV methyls of ubiquitin (left panel, 5 °C; 8.5 kDa,
7c & 11 ns; T = 40 ms; 600 MHz) and Ile51 methyls of Malate Synthase G (right panel, 37 °C; 82 kDa, 7¢ = 45 ns; T = 20 ms; 600 MHz). Vcpyg
= nc/T (Figure 2A). The profiles for each methyl site are color coded with the same colors (black, red, or blue). Lower profiles (filled-in circles) in
each case were obtained with the scheme in Figure 2A with /# pulses omitted, while the upper ones (filled-in squares) were obtained with /3 pulses

(B = 90°) included.

where F = (\/3/2)(|1)(2| + 12)(11 + 13)(4l + 14)(3]); $¥* = where the idempotent matrix Py, is equivalent to the matrix for
12)(31 + 13)(2l; TQ = 11){4l + 14)(1l; and S"/> = (1/2)(15){6l + B = 45° Pyso; and R, is the relaxation matrix for the vector of
16)(SI + 17)(8I + 18)(7I) in the basis of Figure 1, with initial magnetizations M, which in its simplest form (if cross-
conditions applicable to the 'H CPMG experlment in Figure relaxation between the fast- and slow-relaxmg transmons is
2A, namely, M(O) [1, 1, 0, 1]¥, where “T” denotes neglected) is diagonal, diag([Rg, RY?, Rrq R{?]); see the
transposition. This “vectorization” of the density matrix is Supporting Information for a more general expression for R, in
possible due to elimination of all other matrix elements the macromolecular limit. The effective rates R, of the
(double-quantum 'H coherences and populations) by the magnetization detected at the end of the experiment in Figure

2A in the absence of exchange can then be estimated from the
limit in eq 2 as Ry g = —(1/T) In(I/Iy), where I = M [2] +
ML[4] , and I is initial signal intensity (at T =0), I, =
2M[2](0) + M[4](0). Of note, such “steady-state” rates are
predicted to be weakly, inversely dependent on the choice of T,
with shorter delays T leading to very minor increases in R, .4
(Figure S1). Figure S2 shows how the “steady-state” dispersion
profiles simulated in the absence of exchange are modulated at
low CPMG frequencies by the angle f.

Even in the reduced, “vectorized” framework of eq 1, the
evolution of methyl "H magnetization during the time period T
of the scheme in Figure 2A involves too many relaxation rates

phase-cycling of § pulses (see the Supporting Information). In
the Supporting Information, we show that for a large number
of f pulses n, the value of (Pj)" reaches a “steady-state”
described by the matrix Pyp,, which is idempotent (i.e., (Py)" =

P/j for any positive integer n). In the framework of eq 1, for the
initial conditions stated above and any flip-angle f, the limit of
convergence, ML, for all components of the magnetization in M
(and hence for the “apparent”, effective rates R,.q) can be
described by a simple transformation

M, = e TRTA(0) = e PRI 37(0) @)
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Figure 4. Selected 'H CPMG relaxation dispersion profiles obtained for methyl sites of {U-[?H]; lle61-["*CH,]; Leu,Val-["*CH,,"*CD,]}-labeled
Fyn SH3'™" (600 MHz; 10 °C). All experimental points are shown with red circles. Lower profiles in each panel (fitted with blue curves) were
obtained with the compensated methyl TROSY-based 'H CPMG scheme of Yuwen et al."* Upper profiles (fitted with green curves) were obtained
with the “steady-state” "H CPMG experiment in Figure 2A with the /8 angle set to 55°. The fitted values of |Awg| for each methyl site are shown in
the right top corner of each panel, with the values obtained in the “steady-state” experiment indicated in parentheses. See the Supporting

Information for experimental details and sample conditions.

that cannot be obtained with confidence from analysis of
relaxation dispersion profiles. A simplified “model” of
relaxation is therefore in order for robust characterization of
exchange processes. In the following, we describe how such a
“model” can be constructed for analysis of “steady-state” 'H
relaxation dispersions. Under the assumptions that (1) no
cross-relaxation occurs between the fast- and slow-relaxing
components of M; (2) Rrq = Rg; and (3) RY?= R{’= Ry, the
relaxation matrix R, simplifies to, R} = diag([Ry, Rs, Ry, Rg]).
Applying the transformation in eq 2 to the vector of initial
conditions M(0) = [1, 1, 0, 1] and retaining only the part of
magnetization that contributes to the signal detected at the end
of the experiment in Figure 24, (2M[2] + M[4]), yields the
“steady-state” rate

S 3
Ry = —iln{ Ee_[§RS+§RFlT + le_RsT}
’ T |3 3 (3)

where the superscript “ss” is introduced to distinguish the rate
estimated with eq 3 from that calculated using the full
relaxation matrix. As described in the Supporting Information,
these estimated “steady-state” rates are reasonably good
approximations to the rates obtained with the full matrix R..
For further reduction in the number of variable parameters in
analysis of “steady-state” dispersion profiles, we express both
Rg and Ry as multiples of R Ry = fsRy e and Ry = frR3 o
where ~0.25 < fg < 1, and fg > 1. It is advantageous to fix the
coefficient fy to a predetermined value (see the Supporting
Information for the procedure we used to find an estimate of fy.
and pertinent details), and find the corresponding value for f
by searching for the zero of the function F

F= Ee— %fp"'%fs_l}st,seffT + le(l—fs)st,seffT -1

(4)
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Figure S3 shows the plot of fg versus fg for methyl groups of
proteins of different sizes obtained by a numerical search for
zero in F. The ratio, fz/fs = Rp/R, serves as a measure of
separation between the fast and slow rates of decay in the
(**C)H, spin-system.

The performance of the experiment in Figure 2A in the
presence of exchange was tested on a triple A39V/NS3P/V5SL
(VPL) mutant of the Fyn SH3 domain. This system was
characterized previously by a variety of exchange NMR
techniques and shown to spontaneously unfold through a
well-defined intermediate state in a temperature-dependent
manner.”**> At 10 °C, the population of the unfolded state is
too low to be detected, and exchange at this temperature can
be adequately described by a 2-site equilibrium between the

k
folded (F) and intermediate (I) states, F = 1.”%%® The values
kIF

of kg = 7.1 + 0.1 s™! and ky = 258 + 11 s7! reported
previously for a '*N-labeled/protonated sample of Fyn SH3"**
from N relaxation dispersion experiments translate to a
fractional population (p;) of 2.7 + 0.14% for the folding
intermediate with an overall exchange rate of k., = kg; + kip =
265 + 1257

For the two-state exchange in Fyn SH3AVPL, the time
evolution of the magnetization vector M>= [, @ M, where
I, is a 2 X 2 unity matrix and “®” denotes the Kronecker
product, during the CPMG time period T in the experiment of
Figure 24, is calculated as

— 2-site ~9 site ¥ ~ sk = 2-gite ¥ 3k ¥ \nc = 2-Site
(T) = (By*“AA*P;“A*A)“M " (0) 5)
where A = exp(—R**"6); A* is the complex conjugate of A; nc
is the number of CPMG cycles employed (nc = n/2, where n is
the number of f pulses); & is one-half of the time-period
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Figure 5. Correlation plots comparing (A) the absolute differences in methyl 'H chemical shifts between the folded (F) and intermediate (I) states,

[Awgl = lay

— wel (ppm), and (B) the fitted R, rates in the limit veppg = 00, Ry o (s7"), obtained for 12 methyl groups of {U-[>

H]J; Tesl1-

[*CH,]; Leu,Val-["*CH,,'*CD;]}-labeled Fyn SH3"PY, with the compensated CPMG scheme (x-axes) and the “steady-state” CPMG experiment in
Figure 2A (y-axes). The parameters of linear regression are indicated in the plots. The black line in panel A corresponds to y = x, while the red line
in panel B is drawn using the parameters of linear regression indicated at the bottom of the panel.

between two consecutive 180° pulses (Flgure 2A); P2 site }2
® P/,, and M* s€0) = [pp pl" ® M(O) The L10uv1111an
propagated in the calculations of methyl 'H relaxation
dispersion profiles is composed of 3 matrices: R¥site = R2ite

+ RSt 4 RSt where 2t = T, @ RS R is the diagonal
matrix of the changes in chemical shifts between the states I
and F (Awy = w; — op), RE™ = diag (— i[0 0 0 0 Awy Awg
3Awg Awy)), and RE™ is the exchange matrix

kg —kpg R
® L

- kFI

i3 2-site __
Rex -

kIF

(6)

where j4 is a 4 X 4 unity matrix. The rates Ry and Ry that enter
into the simplified relaxation matrix R}, are expressed as
multiples of the steady-state rate RS .4 that serves as a variable
parameter in the fit (see above). The factor fy is estimated
from the ratio (Rg)/(R5 ) (where the average rate R for all
methyl sites included in analysis, (Rg), is measured separately
and corrected for R, as described in the Supporting
Information), while the value of fg can be found from the
zero of the function F in eq 4.

We recorded several 'H CPMG relaxation dispersion
profiles for ILV methyl sites of {U-[*H]; ILV-["*CH,]}-labeled
Fyn SH3""" dissolved in D,O (10 °C) using the scheme in
Figure 2A with the flip-angles of the 8 pulses adjusted to 90°,
70°, 60°, and 55° (“magic” angle value of 54.7° rounded to the
next integer). Although the differences between these data sets
are quite small, the data obtained with f = 55° proved the best
in terms of the quality of dispersion profiles and agreement
with the compensated 'H CPMG scheme. Selected relaxation
dispersion profiles obtained with the “steady-state” CPMG
experiment (ff = 55°) are compared in Figure 4 with those
obtained under identical experimental conditions with the
compensated CPMG scheme. Additional profiles for methyl
sites with R, > ~2 s~ are provided in Figure S4. The “steady-
state” data were analyzed as described above using a uniform
value of fr set to 1.9 (no improvements in the fit were
observed with residue-specific values of f) and the angle /3 set
to 55° in eq S. Notably, the shapes of the profiles for the two
experiments are very similar, with the “steady-state” experi-
ment (upper curves in Figure 4) providing R, . rates offset
upward approximately by the same value for all vepyg
frequencies, and hence yielding the same R, as well as
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information content. A global fit to CPMG relaxation
dispersion profiles for 12 methyl groups with R, > 1 s
provided very similar values for the two experiments: kg = 5.1
+0.1and 5.2 + 0.2 s7" and ki = 288 + 20 and 246 + 30 s~}
for the compensated and “steady-state” experiments, respec-
tively, translating to p; = 1.7 + 0.13% and 2.1 =+ 0.3%,
respectively, and k., = 293 + 21 and 251 + 32 s/, respectively,
for the two experiments. We note that relatively high
uncertainties obtained for kj (and p;) are a hallmark of
exchange that occurs slowly on the chemical shift time-scale for
the majority of methyl sites (k., < |Awg). This regime makes
the characterization of exchange by the “steady-state” experi-
ment particularly challenging, as it requires a good description
of the initial portions of CPMG profiles (at low vcpyg) where
the “steady-state” relaxation rates may not be yet completely
attained. Generally, the “steady-state” CPMG experiment
yields data of slightly inferior quality—especially for the first
several points at the lowest vcpyg, where the “steady-state”
condition is not completely satisfied, which is reflected in a
slightly higher y* of the fit for the “steady-state” scheme (y* =
2.87) compared to that for the compensated one (* = 2.49).

Excellent correlations are obtained for the differences in
methyl 'H chemical shifts between the states F and I, |Awgl,
for the two experiments (Figure SA), with the “steady-state”
experiment overestimating A only very slightly (~6%). The
fitted R, rates in the limit, vcpyg — 00, Ry, in the two
experiments are also highly linearly correlated, with the
“steady-state” R, rates higher than those from the
compensated experiment by ~35% (Figure SB). Such an
increase in the R, , rate is not expected to be prohibitive for
small-to-intermediate sized proteins. For higher molecular
weight systems, however, these “steady-state” rates will grow
proportionately. For example, for proteins the size of malate
synthase G (7c & 4S5 ns; see examples in Figure 3B, right
panel) the average R, ,, over all Ile61 methyl sites, (R, ), is
~2.5-fold higher than the relaxation rates of the slow-(RS)
relaxing 'H transitions that would be observed at the end of
NMR experiments. This constitutes the principal limitation of
the “steady-state” CPMG experiment, as higher R, rates
would restrict the length of relaxation delays T to prohibitively
short values.

It is of interest to compare the sensitivities of the “steady-
state” and compensated CPMG schemes. We note that at least
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in the absence of differential relaxation in the Hj spin-system,
the f pulses do not have any adverse effects on the sensitivity
of the experiment in Figure 2A,” irrespective of the angle /3
used (in practice, § cannot be much smaller than ~50°, see the
Supporting Information). In practice, we found that the
sensitivity of the “steady-state” experiment is ~3/4 of that for
the compensated scheme for Fyn SH3Y™" (10 °C), primarily
because both fast- and slow-relaxing 'H coherences are
detected in the latter, whereas in the former, the fast-relaxing
components of 'H magnetization are “filtered out” prior to
signal acquisition. Although slightly inferior in sensitivity and
quality of relaxation dispersion profiles to the compensated
CPMG experiment, the “steady-state” scheme is simpler in
technical implementation; does not involve composite "H 180°
pulses with extensive, complicated phase-cycling during the
CPMG periods (see discussion in the Supporting Informa-
tion); and considerably reduces the duty cycle on the 'H
channel of the NMR spectrometer. Importantly, numerical
simulations predict that the “steady-state” experiment would
preserve the values of R,, (and therefore the information
content of CPMG relaxation dispersion profiles) for any
regime of exchange, whereas a slight decrease in R, is expected
for the compensated scheme when exchange approaches the
fast limit on the chemical shift time-scale.'* It is worth noting
that very similar parameters of exchange are extracted from
relaxation dispersions obtained for Fyn SH3'™™ with the
experiment that selects for 'H transitions of the I = 1/2
manifold,"” albeit with almost a 3-fold loss in sensitivity.

While the transformation in eq 1 is useful for (a) analysis of
the “steady-state” CPMG relaxation dispersion profiles and (b)
the derivation of the limiting (“steady-state”) value of the
effective relaxation rates, R, g it is not applicable to analysis of
off-resonance effects and mis-calibration of CPMG 180°
pulses. We carried out estimates of the effects of mis-
calibration of the “steady-state” CPMG pulses in the presence
of off-resonance effects (methyl 'H chemical shifts offset from
the carrier position) and in the absence of exchange, using the
full density matrix of the (**C)H, spin-system in the basis of
Figure 1. We note that, off-resonance, acute angle (<90°) 'H
pulses consistently perform better than 90° pulses in ensuring
the stability of the “steady-state” R, rates. For an offset of +0.5
ppm (300 Hz at 600 MHz) from the 'H carrier (note that
there is only one methyl site in Fyn SH3""" that has a larger
offset: 1le5081; Figure S4) and for magic-angle f pulses (55°),
we calculate that mis-calibration of the CPMG 180° pulses up
to ~1.5% (~2.5°) can be tolerated (ie., the changes in the
“steady-state” R, rates are likely to be within the uncertainties
of the measurement). Although the “steady-state” experiment
is predicted to be less “forgiving” with respect to pulse mis-
calibration in the presence of off-resonance effects than its
compensated counterpart,'* and composite 'H RF pulses
cannot mitigate these effects (see the Supporting Information
for discussion), we estimate that on state-of-the-art NMR
spectrometers used for biological applications, 'H pulses can
be calibrated to an accuracy of ~0.5% or better (~0.2 ys or
lower for a 360° pulse).

To test the performance of the “steady-state” scheme for a
higher molecular weight protein involving a much faster regime
of exchange on the chemical shift time-scale, we applied the
experiment in Fi%ure 2A to the 25-kDa chaperone construct
AST-DNAJB6B.” At concentrations above ~100 uM, AST-
DNAJB6B undergoes spontaneous oligomerization and inter-
converts between the free monomeric state and high molecular
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weight oligomers comprising ~35—40 monomeric units.”® Our
earlier methyl '*C CPMG relaxation dispersion study on AST-
DNAJB6B at 15 °C yielded an exchange rate k., of 1050 + 60
s”" and a fractional population py, for the oligomeric species of
4.7 + 0.4%.”” Because of the small number of methyl probes
that undergo exchange with sufficiently large changes in 'H
chemical shifts, we fixed k., to 1000 s™" in global fits of methyl
"H CPMG data to obtain py of 3.7 + 0.5% and 3.8 + 0.4% with
the “steady-state” (f = 90°) and compensated CPMG
schemes, respectively. The “steady-state” CPMG data were
analyzed with f¢ set to 1.6 reflecting a high degree of mobility
of AST-DNAJB6B methyl sites participating in exchange™
(see Figure S5 for relaxation dispersion profiles for two methyl
sites of AST-DNAJB6B with the largest chemical shift
differences between the free and oligomer-bound species
(Aw); Table S1 comparing methyl '"H Aw values obtained
from the compensated and “steady-state” experiments; and the
Supporting Information “Materials and Methods” for sample
conditions, acquisition parameters, and details of analysis used
for AST-DNAJB6B).

In summary, we describe an experimentally simple “steady-
state” methyl "H CPMG scheme for quantification of chemical
exchange in selectively ['*CH,]-labeled and otherwise
deuterated proteins. The “steady-state” for effective rates of
magnetization decay is achieved by application of a 90° or
acute-angle (<90°) 'H RF pulses after each CPMG echo, in-
phase with methyl 'H magnetization. Application of in-phase
90° 'H RF pulses in CPMG echoes was described previously in
chemical NMR applications for the purpose of eliminating the
effects of scalar (J) couplings.’®~" In the “steady-state” CPMG
experiment, these 'H pulses play a completely different role,
effectively establishing a “steady-state” in the decay of methyl
"H magnetization components relaxing with very different
rates. A procedure developed for quantitative analysis of the
“steady-state” CPMG relaxation dispersion profiles allowed us
to characterize the exchange process between the folded state
of Fyn SH3""" and a folding intermediate occurring in a
regime that is slow exchange on the chemical shift time-scale
and exchange between monomeric and oligomeric species of
the chaperone AST-DNAJB6B on a much faster time-scale.
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