Angewandte
A @ T-1 (I

Supporting Information

A Methyl-TROSY-Based 'H Relaxation Dispersion Experiment for
Studies of Conformational Exchange in High Molecular Weight
Proteins

Tairan Yuwen,* Rui Huang, Pramodh Vallurupalli,* and Lewis E. Kay*

anie_201900241_sm_miscellaneous_information.pdf


http://orcid.org/0000-0003-3504-7995
http://orcid.org/0000-0003-3504-7995
http://orcid.org/0000-0002-0936-6098
http://orcid.org/0000-0002-0936-6098
http://orcid.org/0000-0002-4054-4083
http://orcid.org/0000-0002-4054-4083

Supporting Information

Table of Contents

Materials and Methods
Sample Preparation . . . . . . ... ... .

NMR SpectroScopy . . . . . v v v v e e e e

Discussion
Details of '"H SQ-CPMG Pulse Sequence . . . . . . . ... ... .......
Data Analysis . . . . . . . . . L

Numerical Simulations . . . . . . . . . . . .
Supplementary Figures
References

Pulse Sequence Code (Bruker)

12

19

21



Materials and Methods

Sample Preparation

Expression of proteins was carried out using E. coli BL21(DE3) cells grown in ~100%
D,0-based M9 minimal media, containing I>N-ammonium chloride (1 g/L) and [2H,!2C)-
glucose (3 g/L) as the sole nitrogen and carbon sources, respectively. Specifically la-
beled precursors!!-?l were added 1 h prior to the induction of protein overexpression
with 1 mM IPTG, as described previously. %3 Purification of samples followed liter-
ature protocols. The following samples were used: (i) 1.5 mM [U-2H; Ile§1-'>CHz;
Leu,Val-'3CH3/'2CD3; Met-13CHj3]-labeled B1 domain of immunoglobulin binding pro-
tein G (referred to as GB1)[*! in 50 mM potassium phosphate pH 7.5, 100 mM NaCl,
0.1 mM NaN3, 100% D,0; (ii) 1.5 mM [U-*H; 1le§1-'*CHj; Leu,Val-1>CH;3/!*CD3;
Met-'3CHj3]-labeled FF domain from human HYPA/FBP115] in 25 mM potassium
phosphate pH 6.8, 50 mM NaCl, 1 mM EDTA, 100% D,0O; (iii) 0.9 mM (monomer
concentration) [U-2H; Ile§ 1-13CHj3; Leu, Val-'3*CH3/'2CDj5; Met-13CH;]-1abeled o o7,
from T. acidophilum,'®) 25 mM potassium phosphate pH 7.4, 50 mM NaCl, 4.6 mM
NaNj3, 1 mM EDTA, 100% D,0:; (iv) 0.5 mM (monomer concentration) [U->H; Ile§ 1-
3CH3; proR, Leu,Val-'>*CH3/'?CD3; Met-!3CHj3]-labeled ND1Lp97-ADP R95G (re-
ferred to as R95G-p97), from Mus musculus (identical to that from Homo sapiens), [2.7]
25 mM HEPES pH 7.4, 50 mM NaCl, 5 mM ADP, 4 mM TCEP, 100% D,O. The level
of deuteration in all samples was > 95% at all carbon sites. A high level of deuteration

is important to avoid 'H-'H scalar-coupled evolution during the CPMG pulse train.

NMR Spectroscopy

All NMR experiments were recorded on Bruker AVANCE IIT 600 MHz and 800 MHz
spectrometers equipped with cryogenically cooled probes with triple-axis pulsed field
gradients. '"H SQ-CPMG data sets were measured at 5 °C for GB1, 25 °C for the FF do-
main, 50 °C for o707 and R95G-p97. 13C MQ-CPMG, 1*C SQ-CPMG, 'H SQ-CPMG

(I = 1/2) and '"H TQ-CPMG datasets were recorded as described previously in the lit-



erature. 811! Note that the 'H SQ-CPMG (I = 1/2) scheme selects only magnetization
components from the / = 1/2 manifold, eliminating artifacts associated with interchange
between fast and slow relaxing magnetization components, at the expense of approx-
imately an order of magnitude in sensitivity.['%! 'H relaxation dispersion experiments
have been recorded using a constant-time CPMG element!'>13] with ;4. = 30 ms
(GB1 and FF domain) or 15 ms (0707 and R95G-p97). Experiments were recorded as
pseudo-3D datasets by varying the number, N, of CPMG pulses during Tiejax (1 N value
for each 2D plane), with the parameter Ny« set as the maximum value of N. A series
of 2D maps was obtained with vcpymg values varying between 33 Hz (Tiejax = 30 ms)
or 67 Hz (Tielax = 15 ms) and 2000 Hz. Approximately 20-30 planes were recorded
for each dispersion series, including duplicates for error analysis. ' The total measure-
ment time for each experiment at each magnetic field was ~3 h (GB1), ~5 h (FF domain)

or ~70 h (a7 and R95G-p97).

Discussion

Details of 'H SQ-CPMG Pulse Sequence

(1) Practical aspects

All 90° (180°) rectangular pulses are denoted by narrow (wide) bars. These are ap-
plied at maximum power, with exception of the 'H pulses during the CPMG element
(pulses of phase Yy, W, and ¢,) that use a ~25 kHz field. All pulses are applied along
the x-axis unless otherwise indicated. The '"H CPMG pulses are applied as either sin-
gle 180° or 902240;902[15] composite pulses; the latter is, in general, preferred due
to improved off-resonance performance (Figure S1). The water-selective shaped pulse
marked with “w” (~7 ms) is implemented using the EBURP-1 profile.!1®! A single 180;)2
pulse is applied in the center of the CPMG scheme that decreases the effects of pulse
imperfections, as described previously.[!”) '"H and 13C carriers are placed in the cen-
ter of the methyl region (~1 ppm and ~20 ppm, respectively), with the 'H carrier po-

sitioned at the water resonance (~4.7 ppm) during application of the water selective



pulse. 13C WALTZ-16 decoupling!'3! is applied with a field of ~2 kHz during acquisi-
tion (f2). The delays used are: 7, = 2.0 ms, Tcp = (Trelax — 2 X pwh_180 X Niax)/(4N)
where pwh_180 is the length of each refocusing CPMG pulse (see pulse code). The
phase cycle used is ¢ = x,—x; ¢ =2(y,¥,—Y,—Y),2(=Y,=Y,¥,¥); Prec =X,—X. A
minimum phase cycle of 4 steps is required. The cyan or orange pulse is applied in
successive scans (only one per scan; see pulse sequence code). The phases y;/y»
are used to implement the XY-4 scheme!!”! that is applied to the CPMG pulses. This
phase cycle, along with the central pulse of phase ¢, in Figure 2A which is also cycled,
compensate for pulse imperfections caused by both off-resonance effects and miscal-
ibration. Notably, in tests of the robustness of the CPMG scheme to errors in pulse
settings we have found that when CPMG pulses are deliberately misset by 3% there
are no changes to dispersion profiles; in our experience 'H pulses can be calibrated
to a precision significantly higher than this, on the order of 0.1 us for 360° pulses.
Phase y; is incremented with the cycle (X,y,x,y) for each successive pulse, with y»
decremented in the same manner, but inverted. Thus, the CPMG element becomes
Teplli TepTepllaTep . . TepXIN—1 Tep Tep TN Tep TN 41 - - Ty 18032ﬁ,\;mlx o TNt Tep N Tep Tep N1 Tep - - - TepTla Tep TepILi Tep
where II} = Ik, I, = Iy, II3 = IIx and so on following the XY-4 scheme, with
Iy = 902,2403902,, ITy = 9052407905. ﬁj values are calculated from IT; by inter-
changing y(—y) with —y(y) in expressions for IIj, that follows from the 180, pulse in
the center of the pulse scheme, as discussed by Hansen et al.l['”] Quadrature detection
in F; is achieved by STATES-TPPI of ¢,.2%! Gradients are applied with the following
durations (ms) and strengths (in % maximum): g;: (1.0, 20%), g2: (0.5, 30%). An addi-
tional 3-9-19 WATERGATE element!?!! prior to , acquisition can be applied to achieve
higher degree of water suppression that is necessary for applications involving proteins

dissolved in 'H,O.

(i1) Suppressing the effects of differential relaxation between in-phase and anti-phase
'H SQ magnetization
During a CPMG pulse train 'H magnetization evolves between in-phase and anti-phase

components that can have, in some cases, significantly different effective relaxation



rates. This is particularly the case in the context of '’N- or 1*C-CPMG pulse trains
where, in applications to biomolecules, there is a significant contribution to the relax-
ation of heteronuclear magnetization that is anti-phase with respect to coupled 'H spins
from "H-'H cross-relaxation.!*?! In the present application differential relaxation rates
for '"H magnetization in-phase or anti-phase with respect to the one-bond coupled '*C
spin are expected, although these should be small (see below). Loria, Rance and Palmer
have developed an elegant approach whereby in-phase/anti-phase magnetization com-
ponents are exchanged in the center of the CPMG scheme, so that the effective relax-
ation of magnetization becomes independent of J-evolution?3! (i.e., independent of the
number of CPMG pulses). That is, for example, magnetization starting as in-phase for
the first half of the CPMG train is subsequently converted to anti-phase to start the sec-
ond half. In general, an even number of CPMG pulses must be applied in each half of
the CPMG train. Here we have used a slightly different scheme, Figure 2A, that enables
either odd or even numbers of CPMG pulses to be used in each CPMG half, and that
works well so long as differential relaxation between in-phase and anti-phase compo-
nents is small, as is the case for 'H magnetization (see below). This is accomplished
by inserting a delay 7, = 1/(4Jyc), where Jyc is the one-bond 'H-!3C scalar coupling
constant, immediately after the '3C pulse at the end of the #; interval, creating equal
amounts of in-phase and anti-phase "H components. In order to have a scheme that
works for both odd and even numbers of CPMG pulses (i.e., any integer number of N in
the scheme of Figure 2A) an additional modification must be made. Consider first the
CPMG element of Figure 2A without the cyan pulse. After the 7, period that follows
13C 1, evolution the signal of interest is given by sin(JpcTa)ly + cos(TIucta) 21C:,
assuming that the / spin of interest is on-resonance and ignoring both relaxation and
the effects of the g, gradient pair, where / and C are proton and carbon spin operators,

respectively. Evolution during the first 7., element then generates
T . T T
Lis+2I,C.c — I, sm(Z + JucTep) +21C; COS(Z + JHCTep) (S1)

where s = sin(nJycT,) and ¢ = cos(nJycT,). Note that during this 7., period there
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is ‘more’ in-phase than anti-phase magnetization so that the effective relaxation rate is
skewed towards the in-phase decay. Assuming rapid interconversion between in-phase
and anti-phase components (27Jyc > |A|) the effective relaxation during the 7., inter-
val is single exponential with a calculated rate of R, + (% +x)A, where R; is the 'H
in-phase decay, A = Ry; ¢, — R» is the difference in relaxation rates between anti-phase
and in-phase 'H magnetization and x = ;(COS<27'CJHc‘L'Cp) —1). Application
AnJuctep
of the first refocusing pulse, followed by evolution during the second 7, period refo-
cuses J-evolution and magnetization decays with the same average rate as in the first
interval. For the case where N is even the magnetization at the start of the second
Tep— 90‘5_ . /2240390‘5_ x/2~ Tep element (i.e., at the start of the 3rd 7.) is proportional

to 15 — 2I,C,c that evolves under scalar coupling during the subsequent 7., delay as

e . 3n 3n
Is — 21,Coc = 1, sin( - + WpcTep) + 2Ccos( T+ e Tep)
(S2)
T ., T
=1 COS(Z + JucTep) — 21C; Sm(Z + TJHCTep)

Now the effective relaxation rate becomes skewed towards the decay of anti-phase mag-
netization as 7., grows because the amount of anti-phase magnetization exceeds the
in-phase component. Under the assumption of rapid interconversion between in-phase
and anti-phase magnetization elements, the effective relaxation rate is calculated to be

1
R> + (E — x)A for this second spin echo period. The net relaxation rate, averaged over

the two echoes, is thus 0.5{R, + (% +x)A+Ry + (% —x)A} =R+ %A, independent of
x, and this holds for all even values of N. In contrast, when N is odd the effective relax-
ation rate does not average to be independent of x; in the case of N = 1, for example, the
effective relaxation rate for the total CPMG train is given by R, + (% +x)A that differs
from the rate obtained when N is even.

The solution is to record a second scan with the cyan, but not the orange pulse,
inserted (the first scan would include the orange pulse so that an odd number of pulses is
maintained between the g, gradient pair). In this case the initial magnetization (start of

the first 7., period) is proportional to I,s — 2I,C,c and the effective relaxation rate for the

1
first echo is given by R, + (5 —x)A. An argument similar to that above establishes that



for even values of N the effective relaxation rate over a pair of spin echoes is independent
of x. However, for odd N the effective rate is now skewed towards the rate for the anti-
phase component. Consider the case of N = 1, then the effective relaxation rate for the
total CPMG train is given by R + (% — x)A. Addition of a pair of scans, corresponding

to with and without the cyan pulse, thus gives a signal,

e*(R2+(%*X)A)Trelax + e*(Rer(%er)Aﬂ}elax _ e*(R2+%)Tre1ax{eXATre1ax + e*XATrelax} (S3)

for odd N values and so long as |xATjx| < 1 the effective relaxation rate is Ry + %A.
We have measured A values of 0.89 +0.58 s~! for GB1 (5 °C, 16 methyl groups rang-
ing from 0.17 s 1t02.72s7 1), and —=1.24+1.26 s~ for a707 (50 °C, 77 methyl groups
from —5.73 s7' to 1.38 s7!) at 600 MHz; 0.75+£0.53 s=! (0.16 s™' to
230 s ') and —0.35+£1.41 s7! (—4.32 57! t0 3.82 s~!) for GBI and a; 7, respec-
tively, at 800 MHz. For these values of A and for typical Tiepax values, [xATielax| < 1.
The above discussion is germane for small CPMG pulse rates where the rate of inter-
conversion between in-phase and anti-phase magnetization components is large relative
to the difference in their relaxation rates (|A|). As vcpmg increases there is less inter-
conversion between in-phase and anti-phase magnetization, with each component thus
relaxing independently. As equal amounts of each component are present initially the

relaxation becomes bi-exponential, with the magnetization given by,

T, AT,
le*RZTrelax + lef(R2+A)Trelax — 18%87“{24’%)7&1& + 167 r§lax e*(RZ*F%)Tre[ax (84)

2 2 2

Tielax
and so long as

L . . A
< 1 the relaxation is single exponential with a rate of Ry + >

independent of x. Simulations that we have performed show that flat profiles are ob-
tained for |A] <5 s~!. Note that the scheme of Loria, Rance and Palmer[?3 is, in
general, more effective than the one used here because in-phase and anti-phase compo-
nents are interchanged by an element in the middle of the CPMG train, ensuring that
magnetization decay is single exponential. But the approach used here may be preferred

for "TH CPMG schemes because |A| is small (smaller than for 3N or 1*C CPMG, espe-



cially in the case of protonated proteins) and the present implementation ensures that
both odd and even numbers of CPMG pulses can be used.

It is worth noting that the scheme of Figure 2A places the '>C evolution period prior
to the '"H CPMG element. As described by Ishima and Torchia,?*! so long as the 13C
chemical shifts of proximal methyl protons are not degenerate the protons behave as
unlike spins (more favorable relaxation properties) irrespective of Vcpmg, minimizing
spurious dispersion profiles that might otherwise arise as cross-relaxing spins shift from
unlike to like with high CPMG pulsing rates. We have not observed any cross-peaks
in CPMG spectra that would be diagnostic of magnetization exchange due to 'H-'H

cross-relaxation, even for the large systems considered here (o707 and R95G-p97).

Data Analysis

All NMR spectra have been processed and analyzed using the NMRPipe.!>>! Effective
transverse relaxation rates, Ry ofr, were calculated based on peak intensities according
to the relation Ry cfr(Vepma) = —In(I(vepmac) /1) / Trelax, Where I is the peak inten-
sity in a reference spectrum recorded without the relaxation delay, Tyejax. ' Fitting of
cross-peaks in CPMG data sets was carried out using the software package ChemEx
(https://github.com/gbouvignies/chemex) that included a separate module required for
the "H SQ-CPMG relaxation dispersion data. The module is available from the authors
upon request. Residues were only included in the analysis if their dispersion profiles sat-
isfied Rex = Ry eft(Vepmc = x Hz) — Ra efe(Vepma = 2000 Hz) > 1571 at 800 MHz, with
x =33 Hz and 67 Hz for experiments recorded with 7i.,x =30 ms (GB1 and FF domain)
or 15 ms (o707 and R95G-p97), respectively. Exchange parameters were extracted from
fits of dispersion data to a two-site exchange model using the Bloch—-McConnell equa-
tions, [*6] as described previously.!!'* The fitting parameters include the global values pg
and kex (or alternatively kg = (1 — pE)kex and ke = pekex), residue-specific chemical
shift differences, Awwgr (ppm), and the intrinsic SQ 'H relaxation rates for the exchang-
ing spins.

The 13C SQ-CPMG, 'H SQ-CPMG and 'H TQ-CPMG datasets for the FF do-


https://www.ibbr.umd.edu/nmrpipe/
https://github.com/gbouvignies/chemex

main were measured at both 600 MHz and 800 MHz, while for R95G-p97 only a
single '"H SQ-CPMG dataset was measured at 800 MHz. In this case pr was fixed
to the value determined previously based on '3C MQ-CPMG data (10%),!") to yield

kex = 25004200 s~ L.

Numerical Simulations

As described in the text, magnetization components evolve during the CPMG refocus-
ing pulses, interconverting between fast and slow relaxing elements. This has the effect
of (i) decreasing the inherent sensitivity of the experiment and of (ii) generating artifacts
unless the number of pulses during the CPMG train is fixed. Artifacts are further sup-
pressed using composite pulses of the 90y /224039037 /2 variety with XY-4 phase
cycling (see Figure 2A). Figures 1C,D illustrate the interconversion of density elements
for the simple case where relaxation is neglected and pulses are on-resonance, applied
with a 20 kHz field. We consider the energy level diagram of an X3 spin system (Fig-
ure 1B), with separation of levels according to the net spin angular momentum (/) of
each state |j) and highlight 'H SQ, DQ and TQ coherences. Note that SQ (blue, red),
DQ (green) and TQ (magenta) coherences can be excited within the spin 3/2 manifold
and that the single quantum transitions denoted by red and blue relax very differently
in the macromolecular limit.!?”-?8] These have been labeled as SQg, (red, fast relax-
ing) and SQqow (blue, slow relaxing). Diagonal elements are not depicted but corre-
spond to density terms |j)(j|. For the purposes of illustration we consider only the /
= 3/2 manifold and start with SQgow. The plots in Figures 1C,D were generated by
propagating the Liouville-von Neumann equation for the spin-3/2 manifold using the
basis functions for the 4 x 4 density matrix, p;; = |i)(j|. In the starting density ma-
trix, p(0), the elements corresponding to the SQqoy transitions are each set to 1/ V2,
p23(0) = p32(0) = 1/4/2 and all other elements are set to 0. The density elements
are defined as follows: M]%iag = plzl + p222 + p323 + pf4, MéQﬁm = plz2 + p221 + p324 + pf3,
M3, = P33+ Pia. Mg = Pl + P31 +p3s+Piy. Mg = piy +piy and pji = pipij. 12

Note that the sum M?

Diag T MgQ e T Mnglow + M12)Q + M%Q is constant during the pulse.



Two simulations were performed for each pulse, corresponding to refocusing pulse
phases of x and y, and the results averaged to generate the profiles shown in the fig-
ure.

A second set of simulations was performed to illustrate the evolution of magnetiza-
tion during the course of the CPMG pulse train, starting with SQgjow of the 3/2 manifold,
neglecting relaxation and assuming a non-exchanging system. In these simulations the
CPMG scheme of Figure 2A was used where each refocusing pulse was either a single
180° pulse (Figures STA-C) or a composite 90, /2240590097 %2 pulse (Figures S1D-
F) applied with the XY-4 phase cycle or constant phase. Because relaxation was not
included in the simulations the cyan or orange pulse in Figure 2A was omitted, as were
the pulse trains (Npmax — N pulses) that would normally compensate for relaxation dur-
ing the CPMG pulses. Evolution of the density elements was carried out as described
above, with the inclusion of additional chemical shift propagation during the 7., periods
separating the pulses, assuming an offset of 1 kHz for the 'H spin of interest from the
carrier and a 20 kHz 'H field. Three cases were considered, corresponding to N = 4,
20 and 40, where N is the number of pulses in each CPMG train on either side of the
central 180;,2 pulse (see Figure 2A). Thus, for N = 4 a total of 8 pulses were applied
over a constant time interval, Tpej.x, of 40 ms and Mnglow calculated at each echo (dots
in Figure S1).

As described above relaxation losses ensue during the application of CPMG refo-
cusing pulses since magnetization is interconverted between fast and slow relaxing ele-
ments. In order to quantify how much the losses might be we simulated CPMG profiles
using both single and composite pulses with relaxation explicitly included. Relaxation
rates of the density elements were calculated using literature expressions and included
in the Liouvillian that describes the time evolution of the density matrix.*® During the
periods between refocusing pulses (7.,) the evolution of density matrix was evaluated
as p(t+ 1.p) = p(t)exp(—iLt.,), where L is the Liouvillian representing free preces-
sion. The same expression was also used to evaluate density matrix evolution during the

CPMG pulses, with the Liouvillian including additional contributions from RF pulses.
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Chemical exchange was not considered so that flat lines are expected. Figure S6 shows
the results of the simulations. As expected Ry ¢ff values are larger in the case of the com-
posite pulses relative to the simple pulses, due to their longer duration (and hence more
interconversion between differentially relaxing elements during the pulses). Finally, we
were also interested in establishing how the compensating pulse trains of Figure 2A
(Nmax — N pulses) influence the sizes of dispersion profiles when differential relaxation
between different density elements is neglected. This is more of an academic question,
because as we have shown these trains are necessary to ensure that dispersions are ro-
bust to artifacts that would otherwise emerge from relaxation during the CPMG pulses.
Figure S7 shows simulations of CPMG trains that do not include spin relaxation so that
the effects of the compensation pulses on how the exchange process is ‘read out’ can be
elucidated. Note that the exact CPMG element is used in our fitting software so that the

complete experimental pulse train is taken into account.
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Supplementary Figures
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Figure S1. Numerical simulations showing the evolution of Mnglow during the CPMG pulse
train (duration Ti..x) of Figure 2A. Each circle in the profiles corresponds to the value of Mnglow
after successive single spin-echoes, 7., — 180° — 7.,,. For example, in panel A, N =4, Ti¢jax = 40
ms so that the duration of each 7., — 180° — 7., element is 5 ms (see Figure 2A). Note that the
ideal situation occurs when the trajectory of magnetization is flat (i.e., M§Qsmw ~ 1 throughout
the complete trajectory). Details of the simulation are described above, focusing only on the
I =3/2 manifold, and it is assumed that only the x-component of SQgow magnetization is initially
present. All simulations are performed with a 'H By field of 20 kHz and a 'H offset of 1 kHz.
Relaxation and chemical exchange are not included so that flat dispersion profiles are expected
in the absence of pulse imperfections (offset effects). In each simulation CPMG pulses are
applied with the X'Y-4 phase cycle (blue in A—C; green in D-F) or with constant phase along x
(red in A-C, magenta in D-F) with single 180° (A-C) or 9032407905 composite CPMG pulses
(D-F). Note that when the XY-4 scheme is used Mngmw is refocused after every 4 pulses. This is
especially obvious in A—C (blue), while in D-F there are only small fluctuations from 1.0 when
the XY-4 cycle is used (green). Much larger deviations are observed when single 180° pulses

are employed.

12



(A) (B)

rmsd=0.02 57! 201 rmsd=0.1257"
-|'<_' 18+ -I"_' 181
v H Tl ||t Tepl| [|Tep n < o 2 ¢
= 167 W N W™ W & 167 (E)
~ ~
x 141 x 141 18] .
1 [THHHIEEEE I b e 1o [ e e d e ba a8 rmsd=1.47s
5164 sjpasptd
. . . . . . I 3
0 500 100 0 500 1000 » 35
« 141 [1]
o
o
«

0
(c) veemo [HZ] ( D) verma [HZ] QQH H |Tep| [Tep TDITD Tep| | Tep!
20 201 rmsd=0.065"" 129k e I "
10

rmsd =0.05 57!

o718 - 181 ; ; ,
PR (I ' o e e | [ [ 7 0 500 1000
5 161 N N NN =N N & 161 U Vepma [HZ]
< 141 < 141
12 IREii L R R At N 12 [ 18805858585 340883984
0 500 1000 0 500 1000
veeme [HZ] veeme [HZ]

Figure S2. 'H SQ-CPMG dispersion profiles measured on residue V21y2 of GBI at 5 °C using
several different CPMG schemes, as illustrated in each panel. (A) 9052407905 composite CPMG
pulses with relaxation compensation trains comprising Nmax — N pulses: this is the scheme of
Figure 2A; (B) 9052407905 composite CPMG pulses without relaxation compensation elements;
(C) single 180° CPMG pulses with relaxation compensation elements; (D) single 180° CPMG
pulses without relaxation compensation elements; (E) single 180° CPMG pulses with constant
phase along x or y in each pulse train, and with a central element to suppress the effects of
differential relaxation between in-phase and anti-phase 'H SQ coherences. [*°! The value of 1, is
setto 1/(4Juc). In A-D the XY-4 cycle has been used. RMSD values from fits of the dispersion
curves (circles) to flat lines are indicated; these tend to be slightly larger for profiles measured
without compensation elements since R; . increases slightly with vepvg. However, for GB1
with a relatively small molecular weight (7¢ ~ 10 ns at 5 °C) such effects are negligible. This is
not the case for larger proteins, such as those highlighted in the main text where the scheme of

Figure 2A is required to completely suppress artifacts.
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Figure S3. 'H-!3C HMQC correlation maps for R95G-p97 recorded at 800 MHz and 50 °C

using the following schemes: (A) '3C MQ-CPMG;®! (B) 'H SQ-CPMG, Figure 2A;

(C) 'H SQ-CPMG (I = 1/2);11% (D) 'H TQ-CPMG.!'!l All spectra were measured with
Tielax = 15 ms, vepmg = 2 kHz with identical delay times and scans, and are plotted at the
same contour level (~10 times of the average spectral noise). Horizontal or vertical dashed lines
indicate the position where 1D cross-sections are taken at specific '*C or 'H offsets. In general
the sensitivity of correlations in spectra recorded with the '3C MQ-CPMG scheme is higher than

for the 'H SQ-CPMG of Figure 2A, reflecting losses during the compensation pulses in the 'H

experiment (see Figure S6).
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Figure S4. Additional examples of 'H SQ-CPMG dispersion profiles measured for a;a; at

800 MHz and 50 °C (as in Figure 1A). Profiles are obtained with either 9032407903 compos-

ite pulses (blue) or single 180° pulses (green) using the CPMG elements highlighted in panels

A and C of Figure S2, respectively. Notably, dispersion profiles measured with single 180°

pulses increase slightly for vepmg < 300 Hz. For systems in relatively fast exchange where

vepmc > 300 Hz are used throughout (exchange rates > 15002000 s~ 1), single pulses are rec-

ommended as artifacts are minimal and relaxation during the pulses is reduced because of their

shorter duration in relation to their composite counterparts. In both experimental datasets a com-

pensation scheme (see Figure 2A) was used ensuring that the same number of refocusing pulses

are applied, independent of vcpmg. In the absence of such a compensation approach dispersion

profiles increase significantly with pulsing frequency, as illustrated in Figure 1A (black, red).
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Figure SS. Further examples of 'H SQ-CPMG (red) and '3C MQ-CPMG (blue) dispersion pro-

files measured on R95G-p97 at 800 MHz, 50 °C. These 'H dispersions, along with those in

Figure 3 were included in a global fit to quantify ke, (25004200 s~!). The extracted kex value

from the 'H data is in excellent agreement with the fitted kex from 3¢ dispersions (~2700 s~ 1);

values of |Awgg | were obtained from fits of the 3¢ dispersion profiles and are listed in

the panels, along with |Awgg | values that were obtained from analysis of 'H dispersions.

The assignments listed are tentative as (near) complete assignments are available only for the

WT, ADP-p97 state but not for the R95G mutant.
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Figure S6. Simulated 'H SQ-CPMG dispersion profiles with either 9052407905 compos-
ite (blue) or single 180° (green) pulses and including relaxation. In the simulations methyl
'"H-13C and '"H-'H bond lengths of rgc = 1.135 A and ryg = 1.813 AB were used, along
with effective distances of ryp ext = 3.5 A and rgpex = 1.8 A to single external 'H and >H
spins that are intended to take into account all '"H-'H and '"H-?H external dipolar relaxation
effects.>!] The order parameters squared, S2, for intra-methyl and external sources of dipolar
relaxation are 0.5 and 1.0, respectively. All simulations were carried out with a 'H B, field
of 20 kHz and a 'H offset of 1 kHz. Molecular tumbling times were ¢ = 10 ns (panel A) or
Tc = 100 ns (panel B, C). In panel (A, B) Tielax = 30 ms and Npyx = 60, while in panel (C)
Tielax = 10 ms and Ny = 50. Chemical exchange is not included in the simulation. Individual
simulations are performed for the / = 3/2 and I = 1/2 manifolds separately, with signals from

both manifolds subsequently added to obtain the final results.
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Figure S7. Simulated 'H SQ-CPMG dispersion profiles evaluating how the compensation trains
of duration Npy.x — N pulses (Figure 2A) affect relaxation dispersion profile sizes. The following
parameters are used for the simulation, Tijax = 20 ms and pg = 0.10, kex = 200, 1000 and
5000 s~! (shown in each panel), Awgg = 0.1 ppm and 0.5 ppm (shown in each panel), all
pulses are on-resonance with the ground state and applied with a 20 kHz field. Relaxation is
not included in the simulations. The simulations are carried out with 9032407907 composite
pulses and compensation trains (blue), single 180° pulses with compensation trains (green), and
9032407905 composite pulses without compensation trains (red); all pulses were phase cycled
using the XY-4 scheme. In general, dispersion profiles are reduced by the application of the
compensation trains, with the level of reduction increasing for 9052407905 composite pulses
that are of longer duration than their single 180° counterparts. The reduction is more significant
for faster exchange process. These effects are included in our fitting routine that simulates the
same CPMG element as used experimentally and thus do not introduce errors into the fitted
exchange parameters. For dispersion profiles recorded with vepymg values > 300 Hz exclusively
where there is little difference in the performance of composite vs. single pulses we recommend
using single pulses that (i) increase slightly the size of dispersions, as shown here, and that (ii)
lead to smaller Ry ¢fr(Vepma = o) values (Figure S6). Note that the dispersion curves become

more similar as the 'H B; field used increases, as expected.
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13CH3_1H_SQ_CPMG_lek_800_cp Page 1

/* 13CH3 1H SQ CPMG lek 800 cp
This pulse sequence will allow one to perform the following experiment:
2D 1H/13C to measure exchange using 1H SQ magnetization from methyl groups

(tau 180 tau)ncyc C 180y C (tau 180 tau)ncyc

where C refers to compensation 1H 1800 pulses that compensate for the fact that

starting from SQ coherence, different coherences are created during the
evolution of the pulse

Assumes that sample is specifically 13CH3 labeled

1H: 01 on methyl groups (~1.0ppm)
pwh = pl 1H pw90 @ power level pll highest power
pwh cp = pl5 1H pw90 @ power level pll5 for CPMG pulses

13C: 02 centre at 20 ppm
pwc = p2 13C pw90 @ power level pl2 highest power
power level pl21 is used for 13C decoupling.

Pulse sequence has the option to use regular 1800 1H pulses or 90x240y90x
(-Dcomp180 flg); the composite pulses are recommended

Pulse sequence has the option to begin the CPMG with equal amounts of inphase

and antiphase (-Dipap_ flg) so as to minimize the effects of different
relaxation between the two that results from Cz. Recommend to use it - the
is no penalty in terms of extra delays

Recommend: use -Dipap flg -Dcompl80 flg -Dwater flg -Df1180

This method compensates so that the number of 1H 180os is fixed. Does not

re

include any 1800 in the reference plane. The alternative is to set -Dref flg

that then includes the full number of 1H 180 in the reference plane (gives
lower R2,eff) - not recommended

Sequence has option for reburp flag in the center of the CPMG period - not used.

The sequence uses a fixed time T2 that is independent of the number of 1H 1800

pulses

Sequence uses xy4 based phase cycle as simulations so that this is preferred
over xylo

Use ncyc max = 4*k
*/
prosol relations=<triple>

#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>

JRFFAAA A A AR A KK KK AR,/

/*  Define phases */
/***********************/
#define zero ph=0.0
#define one ph=90.0
#define two ph=180.0
#define three ph=270.0

/***********************/

/* Define pulses */

/***********************/

define pulse dly pgl /* Messerle purge pulse */
"dly pgl=5m"

define pulse dly pg2 /* Messerle purge pulse */

"dly pg2=dly pgl/1.62"
define pulse pwh

"pwh=pl" /* 1H hard pulse at power level pl (tpwr) */
define pulse pwc
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"pwc=p2" /* 13C pulse at power level pl2 (dhpwr) */
define pulse pwh cp /* 1H CPMG pulse power level */
"pwh_cp=pl5"

#ifdef water flg
define pulse pw _sll
"pw_sll=pl4" /* Eburpl pulse, ~7000 us */
#endif

#ifdef reb flg

define pulse pwh_reb

"pwh reb=4.875/(cnst8*bfl/1e6)" /* REBURP pulse length */

"spw8=plwl5* (pow((pl5*2.0/pwh reb)/0.07981,2))" /* REBURP power level */
#endif /*reb_flg*/

/************************/

/* Define delays */
/************************/
define delay hscuba /* length of 1/2 scuba delay */
"hscuba=30m"
define delay taua
"taua=d3" /* d3 = 1/4JHC exactly */
define delay time T2
"time T2=d6" /* CPMG duration <= 40 ms */
"in@=inf1l/2"
"d11=30m"
"TAU2=0.2u"

JRFFAA AR A KA KK A KK AR KK

/* Define 1180 */
/************************/
#ifdef 1180

"d0=(in0/2)"
#else

"d0=(0.2u/2)"
#endif

/AR K AR AR K KKK

/* Define parameters related to CPMG */
/*************************************/

define delay tauCPMG
define delay tauCPMGl

define list<loopcounter> ncyc cp=<$VCLIST>

/******************************************************/

/* Assign cnsts to check validity of parameter ranges */
/******************************************************/

#ifdef fsat

"cnst1l0=plwle" /* tsatpwr pll0 - set max at 0.00005W */
#endif
#ifdef mess flg

"cnstll=plwll" /* tpwrmess plll - set max at 1.0W */
#endif
#ifdef water flg

"cnstld=spwl4d" /* power level for eburpl pulse preeceding start of sequenc
e */
#endif
"cnstl5=plwl5" /* tpwrcp — power level for 1H CPMG pulses */
"cnst21=plw21" /* dpwr pl21 - set max at 2.0W */

[ RFF AR A KA K K

/* Define CPMG pulses */

/**********************/

#ifdef complB80 flg

#define cpmg 11 (pwh_cp phl2 pwh cp*2.66667 phll pwh cp phl2):fl
#define cpmg 13 (pwh_cp phl4 pwh cp*2.66667 phl3 pwh cp phl4):fl

Page 2
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#define cpmg 21 (pwh_cp ph22 pwh cp*2.66667 ph21 pwh cp ph22):f1l
#define cpmg 23 (pwh_cp ph24 pwh cp*2.66667 ph23 pwh cp ph24):f1
"cnst51=2.333335"

#else

#define cpmg 11 (pwh cp*2.0 phll):fl

#define cpmg 13 (pwh_cp*2.0 phl3):fl

#define cpmg 21 (pwh_cp*2.0 ph21):fl

#define cpmg 23 (pwh _cp*2.0 ph23):fl

"cnst51=1.0"

#endif

#define cpmg F if "(nsdone+2)%
#define cpmg R if "(nsdone+2)%

8 < 4" {\n cpmg_11 \n}\n else {\n cpmg 13 \n}
8 < 4" {\n cpmg_21 \n}\n else {\n cpmg_23 \n}
#ifndef no compensate
define loopcounter ncyc max /* max value of ncyc used */
"ncyc_max=18"

"DELTA8 = pwh cp*2.0*cnst51*ncyc _max*2.0"
#endif

/************************/

/* Initialize variables */
/************************/
"11=0"

"12=0"

"13=0"

"spoal8=0.5"

"spoff8=0"

"spoall4=1"

"spoffl4=0"

agseq 321

"acqto=0"
baseopt_echo

1 ze
/******************************************************************/

/* Check validity of parameters and assign values to some of them */
[/ Rk Rk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skttt sksksfkfkRooRoR ok ok ok skokoskskokskokk sk sk sk sk sk sk sk sk sk sk sk ok /
#ifdef fsat
if "cnstl0 > 0.00005" {
2u
print "error: tpwrmess pll0 too large; < 0.00005wW !!!"
goto HaltAcqu

}
#endif

#ifdef mess flg
if "cnstll > 1" {
2u
print "error: tpwrmess plll too large; < 1w !!I!"
goto HaltAcqu

}
#endif

#ifdef water flg
if "cnstl4 > 0.01" {
2u
print "error: power level for eburpl pulse is too large; < 0.01w !!!"
goto HaltAcqu

}
#endif

if "cnstl5 > 15" {
2u
print "error: 1H CPMG power pll5 too large; < 15W !!!"
goto HaltAcqu

}

if "time T2 > 40.1m" {
2u
23
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print "error: time T2 too long; < 41lms !!!"
goto HaltAcqu

#ifndef no_compensate
if "ncyc max > 80" {
2u
print "error: ncyc max too large; < 80 !!!I"
goto HaltAcqu
}

if "DELTA8 > 10m" {
2u
print "error: CPMG pulse duration too long; < 1@ms !!!"
goto HaltAcqu

}
#endif

if "cnst21 > 2.0" {
2u
print "error: dpwr pl21 too large; < 2.0W !!!"
goto HaltAcqu

if "aq > 64m" {
2u
print "error: aq is too long; < 64ms !!!"
goto HaltAcqu

}

2 d11 do:f2

/************************/

/* Update list pointers */
/************************/

2u
"ncyc_cp.idx=11"
2u rppll rppl2 rppl3 rppld rpp2l rpp22 rpp23 rpp24

/****************************************/

/* Continue to check run time variables */
/****************************************/

"12 = (trunc(ncyc cp + 0.3))"

2u
#ifdef no_compensate
II'L3 = OII

#else /*no_compensate*/
#ifdef ref flg
"13 = (trunc(ncyc max - 12 + 0.3))"
#else /*ref flg*/
if "12 >0 " {
"13 = (trunc(ncyc max - 12 + 0.3))"

else {
II'L3 = OII

}
#endif /*ref flg*/
#endif /*no_compensate*/

if "12 > 80" {
2u
print "error: ncyc cp must be < 81 !!!"
goto HaltAcqu

}

if "12 > 0" {
"tauCPMG = (time T2*0.25)/12"
#ifdef no compensate
"tauCPMGl = tauCPMG - pwh_cp*cnst51"
#else
"tauCPMG1l = tauCPMG - (DELTA8*0.25 + 0.2u*13)/12"
#endif
}

else {
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"tauCPMG = time T2*0.25"
"tauCPMG1 = 2u"
}

/**********************************/

/* 1H heating compensation period */
/**********************************/

4u pl15:f1

#if defined(ref flg) || defined(no compensate)
"DELTA = 20u"
#else
if "12 == 0" {
"DELTA = DELTA8 + 20u"

else {
"DELTA = 20u"

}
#endif

DELTA cw:f1l ph26
2u do:f1l

/*************************************************/

/* Destroy residual 1H magnetization prior to dl */
/R KKK R KRR KKK KRR SRR KKK SRR R SRR KKK Sk KRR Kok ok oK/

20u UNBLKGRAD

10u fg=cnstl(sfo hz):f1l /* 1H SFO1 @ tof(water) */
4u pll:fl /* power pll for 1H pulses */
(pwh ph26):f1

2u
p50:gp0*0.5
dl16

(pwh ph27):f1

2u
p50:gp0o
dl16

4u BLKGRAD

/******************/

/* Messerle purge */
/R KRRk Rk Rk
#ifdef mess flg

4u plll:fl

(dly pgl ph26):fl

2

u
(dly pg2 ph27):fl
#endif

/*****************/

/* Presaturation */
/*****************/
#ifdef fsat
4u pl1o:fl
dl cw:fl ph26
2u do:f1l
4u pll:fl
#ifdef fscuba
hscuba
(pwh ph26 pwh*2.0 ph27 pwh ph26):f1
hscuba
#endif /*fscuba*/
#else /*fsat*/
4u pll:fl
dl
#endif /*fsat*/
20u UNBLKGRAD

Page 5
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/**************************/

/* Water selective Eburpl */
/**************************/
#ifdef water flg

2u

(pw_sl1l:spl4 ph26):fl

2u

2u

p50:gp0o

dle6
#endif

/****************************************/

/* Destroy 13C equlibrium magnetization */
/****************************************/
4u pl2:f2
(pwc ph26):f2

2u
p50:gp0o
dle

/**************************/

/* This is the real start */
[/ RRAF AR A AR A AR AR AR KK [

10u fg=0(sfo hz):fl
4u pll:fl

(pwh ph26):f1

2u

p51:gpl
dl16

"DELTA = taua*2.0 - 2u - p51 - d16 - pwh*2.0/PI"
DELTA

/*******************/

/* tl period */

JHRFAFF A KA KA KK KKK )

(pwc phl):f2

"TAUl=larger(dO-pwh*2.0-pwc*2.0/PI,TAU2)"
TAUl

(pwh ph26 pwh*2.0 ph27 pwh ph26):f1
TAU1
(pwc ph26):f2

e e P L LY

/* Option to create 50%/50% IP/AP prior to CPMG */
/************************************************/
#ifdef ipap flg
if "nsdone%4 < 2" {
"DELTA = taua + 4u"
DELTA

(pwh ph26 pwh*2.0 ph27 pwh ph26):f1l

else {
"DELTA = taua - 4u"
DELTA
}
#else
4u
(pwh ph26 pwh*2.0 ph27 pwh ph26):f1
#endif
4u pl15:f1

/*********************************/
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/* The first half of CPMG period */

/*********************************/
if "12 > 0" {
3 tauCPMG1
cpmg F
tauCPMG1 ippll ippl2 ippl3 ippld ipp2l ipp22 ipp23 ipp24
lo to 3 times 12

}

if "13 > 0" {
4 0.2u
cpmg F
0.2u ippll ippl2 ippl3 ippld ipp2l ipp22 ipp23 ipp24
lo to 4 times 13
}

/*****************************/

/* The central 1800 1H pulse */
/*****************************/

#ifdef reb flg

4u
(pwh_reb:sp8 ph2):fl
4u pl15:fl

#else /*reb flg*/
(pwh_cp*2.0 ph2):fl
#endif /*reb flg*/

[ RFEA AR A AR KA AR AA A A KK KK

/* The second half of CPMG period */

/**********************************/

if "13 > 0" {
5 0.2u dppll dppl2 dppl3 dppld dpp2l dpp22 dpp23 dpp24
cpmg R
0.2u
lo to 5 times 13
}
if "12 > 0" {
6  tauCPMG1l dppll dppl2 dppl3 dppld dpp2l dpp22 dpp23 dpp24
cpmg R
tauCPMG1
lo to 6 times 12
}

/**********************/

/* C—>H back transfer */
/**********************/
#ifdef ipap flg
if "nsdone%4 >= 2" {
4u pll:fl
(pwh ph26 pwh*2.0 ph29 pwh ph26):f1l
4u

}
#endif

#ifdef ipap flg

"DELTA = taua - 2u - p51 - d16 - 4u - 4u - de"
#else

"DELTA = taua*2.0 - 2u - p51 - d16 - 4u — 4u - de"
#endif

DELTA

2u

p51:gpl
dl6

i e e e

/* Option for 3-9-19 Watergate for better water suppression */
/************************************************************/
#ifdef wgate flg
4u pll:fl
"DELTA = 4u + 4u + de + 4u + de"
27
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DELTA

2u
p52:gp2
d17

(pwh*0.231 ph27):f1l
d19*2.0
(pwh*0.692 ph29):fl
d19*2.0
(pwh*1.462 ph27):f1l
d19*2.0
(pwh*1.462 ph27):fl
d19*2.0
(pwh*0.692 ph29):fl
d19*2.0
(pwh*0.231 ph27):f1l

2u

p52:gp2

dl7
#endif

4u BLKGRAD
4u pl21:f2 /* lower power for 13C decoupling */

/********************************/

/* Signal detection and looping */
/SRR ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok kok
go=2 ph31 cpds2:f2
d1l1l do:f2 mc #0 to 2
F2QF (calclc(1l1, 1))
F1PH(calph(phl, +90), caldel(d0@, +in@) & calph(phl, +180) & calph(ph31l, +180))

HaltAcqu, 1m

exit

pho=1

ph1l=0 2

ph2=1 133 113333113311
phl1=0 1 0 1
ph12=phl11l-ph0O
ph13=1 0 1 0
phl4=ph13-ph0
ph21=0 3 0 3
ph22=ph21+ph0
ph23=3 0 3 0
ph24=ph23+ph0
ph26=0

ph27=1

ph28=2

ph29=3

ph31=0 2

;dl: Repetition delay D1

;d3: taua - set to 1/4JHC = 2.0 ms

;d6: time T2 CPMG duration <= 40ms

;d11: delay for disk i/o, 30ms

;d16: gradient recovery delay, 200us

;d17: gradient recovery delay for 3-9-19 watergate, 200us
;d19: delay for binomial water suppression, ~1/(4*|cnstl])
;pll: tpwr — power level for pwh

;pl2: dhpwr — power level for 13C pulse pwc (p2)

;pllO: tsatpwr - power level for presat

;pL1ll: tpwrmess — power level for Messerle purge

;pl15: power level for 1H CPMG pulses pwh cp

;pl21: dpwr - power level for 13C decoupling cpd2

;spld: power level for eburpl pulse

;spnam8: Reburp.1000

;spnaml4d: eburpl pulse on water

;pl: pwh

;P2 pwc

;pl4d: eburpl pulse width, typically 7000us 2%
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;pl5: 1H pw for CPMG pulses

;p50: gradient pulse 50 [1000 usec]
;p51: gradient pulse 51 [500 usec]
;p52: gradient pulse 52 [800 usec]

;cpdprg2: 13C decoupling program during t2 [waltzl6]
;pcpd2: 13C pulse width for 13C decoupling
;cnstl: offset of water from methyls (Hz)
;cnst8: methyl H excitation bandwidth (ppm)
;vclist: variable counter list for ncyc cp
;18: ncyc max (MUST BE SET PROPERLY!)
;delta8: total duration of 1H CPMG pulses
;infl: 1/SW(X) = 2*DW(X)

;in@: 1/(2*SW(x))=DW(X)

;nd0: 2

;ns: 4*n

;FNMODE: States in F1

;FNMODE: QF in F2

;for z-only gradients:

;9pz0: 20%

;gpzl: 30%

;9gpy2: 0% (Z-gradient) or 80% (XYZ-gradient)
;gpz2: 80% (Z-gradient) or 0% (XYZ-gradient)

;use gradient files:
;gpnam0@: SMSQ10.32
;gpnaml: SMSQ10.32
;gpnam2: SMSQ10.32

Page 9

;zgoptns: Dfsat, Dmess flg, Dfscuba, Dwater flg, Dwgate flg, Df1180, Dcompl180 flg, D

ipap flg, Dreb flg, Dref flg, Dno compensate
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