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Materials and Methods

NMR Spectroscopy. All NMR experiments were performed on a Varian Inova 14.0 T
spectrometer, 25 °C, equipped with a cryogenically cooled probe-head. ’N TROSY
based CEST experiments (Fig. S1) were acquired with weak °N 7f fields of 14.7 Hz (pH
7.65), 14.4 Hz (pH 8.38) and Tgx values of 250 ms (pH 7.65) or 200 ms (pH 8.38) and
with either 4 (pH 7.65) or 8 scans (pH 8.38). For each CEST experiment a series of 2D
"N-'HN data sets were obtained with the "N offset varied from 102.67 ppm to 138.93
ppm, with a spacing of 10 Hz. Each 2D plane was recorded with 60 complex #; points and
a recycle delay of 1.5s, corresponding to a total measurement time of 56 hours (7Tzy =

0.25 s; 4 scans).

In order to accurately determine exchange parameters (pg,k.x) and chemical shift
differences (A®,), "HN decoupled ’N CEST experiments (1) were recorded using a pair
of °N B, field strengths for each pH value (pH 7.65: 11.4 and 22.8 Hz; pH 8.38: 11.1 and
22.4 Hz) with a saturation delay, Txy, of 300 ms. A series of 2D planes were acquired
with "N offsets varying from 102.67 to 138.93 ppm with a step size of 20 Hz (B, ~ 11

Hz) or 25 Hz (B; ~ 23 Hz). Each 2D plane comprised 60 complex ¢; points and was



recorded with a recycle delay of 1.5 s and a minimum of 2 scans. The nutation method of

Guenneugues ef al. (2) was used to calibrate each weak '’N B; field in a 1D fashion.

Data Analysis. All NMR data sets were processed using the NMRPipe software package
(3) and visualized with SPARKY (4). Peak intensities (/) were quantified using the line-
shape fitting module provided by NMRPipe. Global conformational exchange parameters
(kex and pg) were determined by analysis of "HN decoupled ’N CEST profiles recorded
with a pair of weak N B, fields, as described above. Residues showing discernable
minor dips were fit together using the ChemEx program written in-house (available upon
request) that numerically solves the Bloch-McConnell equations (5), as described
previously (1). At pH 7.65 and 8.38, the best-fit (k.., pr) values are (130 s™', 7.5 %) and
(121 s, 12.0 %), respectively. Values of k. and pz were subsequently fixed in the
second round of fitting where all residues, including those whose CEST profiles did not

have minor dips, were analyzed on a per-residue basis to extract A@,; values (Table S1).

"N TROSY CEST profiles were analyzed on a per-residue basis using pre-
determined k.., pr and A@,,; values from the analysis of 'HN decoupled °N CEST data
sets as input; during the course of the fitting, however, A@;; values were further ‘fine-
adjusted” within £3(Aw), whered(Aw)is the uncertainty in the extracted chemical shift

difference. The fits were performed by minimization of a target function 7,
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where = {x1, ..., x,} is the set of adjustable model parameters, &I“?") is the estimated

uncertainty of measured intensities I“”, 1<°(£) are the corresponding calculated



intensities and the summation runs over all data points (PN offsets) in a given CEST
profile. Values of 6 (I“”") are estimated based on the scatter of points (root-mean-square

deviation of the data) defining the baseline of the CEST profile.

The evolution of a weakly coupled two-spin (’N-'HN) spin-system that
undergoes two-site exchange during the CEST delay in the scheme of Fig. SI is
described by the master equation (6, 7)

d
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where c:[ E} is a vector consisting of elements v = [N,, N,, N., 2H.N,, 2H.N,,
v

2H.N.]", T is the transpose operator, and superscripts G and E denote ground and excited

states. In Eq S2 L is a 12x12 matrix,
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where I is the 6x6 identity matrix, R is a 6x6 matrix that describes the evolution of the
spin system in either the ground (R®) or excited (R®) state that includes contributions
from nitrogen chemical shift ({2y, is the offset of the spin in rad/sec from the position of
the weak "°N B; field of strength @;), one-bond scalar coupling (Jzy) and spin relaxation

processes,



- ﬂ‘-]HN nxy 0 - ‘QN 2HN o

The relaxation rates are, in turn, given by (6)
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where m = G or E, d =31, /(877 )Yhy, Yytim, ¢ =—A0GB,Yy, Ho is the permeability of
free space, /4 is Planck’s constant, ¥ and ¥y are the gyromagnetic ratios of 'H and "N
respectively, ruy= 1.02 A, Aoy = -170 ppm, ¢ = 20° (8, 9) and k" =k, + p.., . Dipolar
and CSA relaxation contributions are assumed to be the same in the ground and excited
states. The effects of external proton spins are taken into account via p;s, ; we have not
expanded the basis to include additional terms that are, in principle, needed to accurately

describe cross-relaxation between proximal proton spins. The spectral densities, J(®), are

expressed using the model-free formalism (10, 11)
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where §” is the square of an order parameter that describes the amplitude of motion of the
N-HN bond vector, 7¢ is a residue specific overall tumbling time and 7. is a per-residue
correlation time describing the time-scale of rapid (pico-second to nano-second) bond
vector motions. Note that we have not introduced additional terms that account for the
magnetization at thermal equilibrium because these cancel when the phase cycle (phase
01) is taken into account (Figure S1). The following are (per-residue) fitting parameters
for each CEST profile: KE, k°, S, T, T,. In the analysis we have assumed the same
backbone dynamics parameters for corresponding residues in the ground and excited
states, which is shown via simulation not to introduce significant errors for the system
studied here (Fig. S2). Uncertainties in the extracted parameters were evaluated using a

Monte Carlo analysis (12) taking into account the experimentally observed noise.



Extracted £ values with large errors (> 1000 s™') were excluded from further analysis, but

are given in Table S1.



NMR pulse scheme of the '’N TROSY CEST experiment
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Figure SI. Pulse scheme of the "N TROSY CEST experiment for the measurement of
site-specific hydrogen exchange rates in ground and excited protein states. The narrow
(wide) bars represent 90° (180°) 'HN and "N radiofrequency pulses applied at the
maximum possible power along the x axis unless otherwise indicated. The blue wide bar
denotes a composite 180° pulse of the 90,180,90 variety (13). The shaped 90° 'H pulses
(SEDUCE (14)) are water selective (~2 ms). 'HN and "N carriers are positioned at water
and 119 ppm, respectively, throughout the sequence with the exception of during the
CEST element when the "N carrier is jumped to a distinct '°N frequency. A weak N B;
rf field ~10-30 Hz is applied during 7zx. The delays 7,and 7,are set to ~1/(4|Jun|) and
1/(8/un|)=1.345 ms, respectively. The phase cycle is: ¢, = {x, -x}, ¢ = {45°}, ¢, = {1, y, -
¥, v}, 0, = {y}, receiver = {x, -x,-x, x}. Gradient levels and durations (Gauss/cm; ms) are:
go=(12; 1), g1 = (14; 0.4), g2 = (20; 1.5), g3 = (12; 0.35), g4 = (24; 0.8), g5 = (36, 2), go =
(305 1.25), g7 = (12; 0.4), gz = (-20; 0.3), go = (-59.2; 0.125). For sensitivity enhanced,
quadrature detection (15—17) in F; a second dataset with phase ¢,inverted and g; =-g; (i =

1, 2, ..., 8) is recorded. For each ¢, increment, ¢, and the phase of the receiver are



incremented by 180° (18). The phase ¢, is optimized to ensure that only the "N TROSY
component is selected. This is achieved by recording spectra using a regular "N-"HN
HSQC scheme (without the 'H 180° pulse in the middle of the ¢; period) with the element
extending from points @ — b inserted in the sequence prior to the 90("°N) 7, 90("°N)
evolution period. A number of data sets are obtained with ¢, close to 45°; typically we

find that ¢, ~43°is optimal. The pulse code for both experiments is available upon request.
Robustness of extracted (k%, k%) rates

As described in SI Materials and Methods, all "N TROSY CEST profiles were analyzed
assuming a single set of residue specific motional parameters (zc, T., S°) for both ground
and excited states. It is clear, however, that at least in some cases (for example, protein
unfolding considered here or protein oligomerization), lineshapes of CEST profiles could
well be affected by differential relaxation between the exchanging states, in particular for
the anti-TROSY dips. Of particular interest is how such effects influence the extracted
hydrogen exchange rates, (k°, k*). Some insight is obtained by the comparison of
experimental exchange rates for the Fyn SH3 domain at pH 7.7 and 8.4 where excellent
agreement is obtained (Fig. 4). In order to further address this question, as well as to
confirm that extracted £°, k* values are little correlated, we have performed a set of
computations in which 9 pairs of (7c'?, $%“) values have been chosen, as indicated in
Fig. S2, and 1000 synthetic noise-free '’N TROSY CEST curves calculated for each pair
using random values of (TC(E), SZ(D, k°, kE) uniformly distributed within the ranges Ins
<1¢® <2749, 0.1 <5 <0.95, 0 < k<40 s, 0 <k* <1000 s™". Other parameters used

for the calculation include:A@gg = -5 ppm, k., = 120 s'l,pE =5%,B;=14.4Hz, Tex=10.3



s, T. = 10 ps, B, = 14.0 T. Each profile was subsequently fit using the same approach as
for experimental data (i.e., with a single set of k*, k°, §°, 7., T, parameters). As shown in
Figure S2A, the extracted £ rates show little variation from the corresponding input
values. In contrast, a larger deviation is observed for k*, especially for large & rates that
result in a significant build up of the anti-TROSY component, Fig. S2B. The fractional
error in & can be as large as ~10% for small proteins (79 = 5 ns) and up to ~25% for
medium sized proteins (7<'”) = 15 ns) in the case of A" rates close to 1000 s, Next we
carried out a further set of simulations to quantify more directly the errors in fitted k”
values for specific sets of parameters. Values of A@gg = -5 ppm, kex = 120 s, pr = 5%,
B; =144 Hz, Tgx =03 s, 7, = 10 ps, B, = 14.0 T were used, with a range of TC(G) €
(5,10,15,20,25,30)ns, k* €(250,500,750)s", 7:9=0.57.?, §*¥=0.4, $7 = 0.8 included
in the analysis. We find that for ‘L'C(G) < 20 ns and £* <500 s'l, fractional errors in k° are

6) —

less than 10% and only increase to 14% and 17% for 7¢ 25 and 30 ns, respectively.

Further for K =750s" and ‘L'C(G) < 20 ns fractional errors in k&” are less than 20%,

6) —

increasing to 30% for 7¢ 30 ns. In all cases k” values are overestimated when the

mobility in the excited state exceeds that of the ground state.
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Figure S24. Correlation between input and extracted k“ values, as described above.
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Figure S2B. Correlation between input and extracted ” values, as described above.

We were further interested in understanding how the shapes of the CEST profiles
change as a function of molecular weight of the protein studied (7¢) to gain further
insight into the robustness of the methodology to differences in dynamics parameters
between ground and excited states. Simulations were carried out using values of k., = 120

s'l, pe = 5%, Tex = 300 ms, B; = 14.4 Hz, Awgg= -2000 rad/s, By = 14.0T along with

11



identical values of 7, = 10 ps, $° = 0.75 for each state. These are summarized in Figs.

S2C-D.

1 1 m—
0.8 0.8
o 0.6 o 0.6
= =
04 04
0.2 0.2
0 0
5 0 -5 -10 5 0 -5 -10
N (ppm) ®N (ppm)
1 f—_ 1
0.8 0.8
:a 0.6 = 0.6
— -~
0.4 =~ 04
0.2 0.2
0 0
5 0 -5 -10 5 0 -5 -10
N (ppm) ®N (ppm)

Figure S2C. Effects of 7con CEST profiles. Simulation parameters are indicated in the
text, with values of 7= 5, 10, 20, 30, 40 ns from blue to red. All motional parameters of
ground and excited states are assumed to be the same. (top left) k“ =& =0 s™, (top right)
k=0, k¥ =160 s, (bottom left) kK = 0, k* = 1000 s™, (bottom right) k° = 10 s, k¥ =
1000 s™'. The green dashed lines indicate the expected positions for the TROSY (left) and

anti-TROSY (right) lines of the excited state.
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Figure S2D. Effects of 7c on CEST profiles. Simulation parameters are indicated in the
text, 707" = 20 ns (fixed), 7"V =5, 10, 20, 30, 40 ns from blue to red. (top left)
k% =kF =0 s (top right) k% = 0, k¥ = 160 s™,(bottom left) k“ = 0, & = 1000 s™', (bottom

right) k< =10s", ¥ =1000s",
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Robustness of k© rates as a function of ADkg

In general, the accuracy of extracted A@gs values from CEST experiments decreases as
the separation of resonances in the exchanging states becomes small (A@gg~0). For
example, in an "N CEST study of a protein-ligand exchanging system where accurate
values for chemical shift differences were known we showed that errors as large as ~0.5
ppm are possible in the case where |A@gs| < 0.5 ppm (1). It is expected that the accuracy
of extracted hydrogen exchange rates will decrease for small A@zq values as well, given
that the fitting process becomes more error prone when ground and excited state dips
overlap. To test how A®@g influences K we have performed a series of Monte Carlo
calculations where 1000 "N TROSY CEST profiles were generated for a given value of
A, each with added Gaussian noise (rmsd of 0.027,), and subsequently fit to extract £”.
Parameters used for generating the synthetic profiles are: k=4 s, k*=150 s, 70 =5 ns,
$? = 0.75, 7, = 10ps, A@gc = -3-+3 ppm (with a single reference point of -7 ppm
corresponding to the case where CEST dips from states G and E are completely resolved),
B, = 14 T ('H frequency of 600 MHz), weak B; field of 14.4 Hz, and Ty = 0.30 s. Fig.
S3 plots the fractional error in kF as a function of A@gs. The value of AkE was calculated
as the standard deviation of the 1000 k% values obtained for each A®gg. In each fit we

have assumed an input A@g¢ value that is equal to that used in the simulations.
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Figure S3. Fractional error in extracted kf value as a function of A®gg (see above for

details).
A comparison of °’N TROSY CEST vs '"HN-coupled "N CEST

As described in the text we have used an "N TROSY CEST experiment to quantify
hydrogen exchange rates in protein excited states. In principle, however it is also possible
to exploit the line-shape dependence of '°N doublet components as measured in an 'HN-
coupled "’N CEST experiment to obtain k* values. Figs. S4A,B show (A) TROSY CEST
and (B) "HN-coupled CEST profiles as a function of £* assuming a two-site exchanging
system with k,, = 120 8™, p, = 5%, k° =4 s, ¢ =5 ns, $* = 0.75, 7. = 10 ps, A@gc = -5.2
ppm (Fig. S4A is essentially identical to the main figure of Fig. 2B). We have also
computed S as defined in Eq. [3] of the main text to obtain a measure of how each of the
experiments ‘responds’ to different £* values, Fig. S4C, using the same parameters listed
above. It is clear that TROSY CEST (open circles) has advantages over coupled CEST
(closed circles) for k* values ranging from ~ 10 to 1000 s'. This, in part, reflects the fact
that in addition to the movement of peaks in response to k°, TROSY CEST is more

sensitive to the build up of anti-TROSY dips that start from zero (TROSY CEST), as

15



opposed to the equal starting distribution of TROSY and anti-TROSY components in

coupled CEST.
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Figure S4. (A) TROSY CEST and (B) "HN-coupled CEST profiles as a function of k*
assuming a two-site exchanging system, as described above. (C) S as defined in Eq. [3] of
the main text vs k* for TROSY (open circles) and '"HN-coupled CEST (filled circles)

measurements (see SI text for details).
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Table S1. °N chemical shift differences (A@zc = @ — @g, pH 7.7), proton spin flip rates

(ground state, p”zyr) and kK values of the G48A Fyn SH3 domain, 25°C.

Residue | Adi (ppm) | PpxrG™) | A7 () [ K% (5T [ 1577 5Ty | 1B (s
LEU3 | 0.76(0.01)" | 3.43(0.02)° | 3.9(02) | 10.3(1.2) | 73(3) 265(45)
PHE4 | -3.11(0.01) | 4.64(0.04) | 3.6(02) | 3.6(0.5) | 25(2) 131(9)
GLUS | 3.30(0.01) | 4.440.04) | 4.2(02) | 32(04) | 26(2) 144(9)
LEU7 | -5.65(0.01) | 6.38(0.05) | 6.2(0.3) | 4.50.4) | 21(3) 74(5)
TYRS | 8.04(0.01) | 3.12(0.02) | 2.6(0.2) | 1.6(0.3) 13(2) 66(4)
ASP9 | 4.08(0.01) | 3.85(0.02) | 3.5(0.1) | 3.1(0.3) | 35(2) 145(6)
TYRIO | -0.94(0.01) | 3.97(0.03) | 2.9(0.3) | 2.3(0.4) | 20(3) 56(4)
GLUII | -6.56(0.01) | 3.75(0.03) | 3.9(0.2) | 6.1(0.6) 14(2) 64(7)
ALAI2 | -1.87(0.01) | 4.10(0.02) | 4.4(0.2) | 3.4(0.2) 14(2) 68(3)
ARGI3 | -1.87(0.01) | 5.24(0.04) | 7.7(0.4) | 18.6(2.4) | 17(4) 112(33)
THR14 | 1.34(0.01) | 2.92(0.03) | 3.9(02) | 12.5(0.8) | 45(4) 205(35)
GLUIS | 4.33(0.02) | 4.21(0.02) | 28.9(1.5) K 13(12) -

ASP16 | 3.63(0.01) | 3.24(0.02) | 5.0(0.2) | 12.2(0.8) | 20(3) 85(12)
ASP17 | 1.14(0.01) | 2.66(0.02) | 3.0(0.2) | 2.5(0.2) 15(2) 86(5)
LEUIS | 2.44(0.01) - 3.7(03) | 2.9(03) | 25(4) 88(6)
SERI9 | -0.55(0.01) | 3.70(0.02) | 3.7(0.3) | 1.7(0.4) | 29(4) 191(15)
PHE20 | 4.80(0.01) | 3.56(0.03) | 3.1(0.2) | 2.4(04) | 58(4) 276(16)
HIS21 | 2.77(0.01) | 4.54(0.04) | 4.6(03) | 3.3(0.6) | 84(7) 295(28)
LYS22 | 0.50(0.01) | 4.98(0.03) | 4.5(0.3) | 3.8(002) | 67(6) 299(22)
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GLY23 | -6.30(0.01) | 5.56(0.03) | 5.6(0.2) | 3.9(0.5) | 83(5) 314(27)
GLU24 | -3.45(0.01) | 3.44(0.02) | 32(0.1) | 2.9(03) | 60(2) 287(14)
LYS25 | 0.09(0.03) | 421(0.02) | 9.6(04) | 3.10.5) | -203) | 273(25)
PHE26 | 3.95(0.01) | 4.55(0.04) | 4.8(02) | 4305 | 3203) 173(15)
GLN27 | 1.40(0.01) 43(02) | 3.6(04) | 4203) 232(19)
ILE28 | -4.26(0.01) | 4.69(0.03) | 4.4(03) | 3.4(03) | 25(3) 105(6)
LEU29 | -2.65(0.01) | 6.05(0.05) | 6.4(0.3) | 9.50.9) | 23(3) 112(16)
ASN30 | 4.02(0.01) | 3.71(0.03) | 8.4(0.2) | 22.8(2.8) | 93(5) | 494(108)
SER32 | 1.05(0.01) | 2.94(0.02) | 8.0(0.4) | 27.9(5.0) | 132(14) | 627(3942)
GLU33 | 0.48(0.02) | 2.90(0.02) | 20.0(1.3) 77(27)

GLY34 | 0.55(0.01) | 2.59(0.02) | 11.9(0.7) 21(9)

ASP35 | 1.85(0.03) | 3.10(0.02) | 34.0(2.1) 28(23)

TRP36 | 0.35(0.01) | 2.53(0.02) | 3.4(0.4) | 0.1(0.2) 6(5) 153(8)
GLU38 | -3.05(0.01) | 434(0.03) | 42(02) | 1.9(03) | 13(2) 68(3)
ALA39 | -8.12(0.01) | 4.05(0.04) | 3.1(02) | 1.1(0.2) | 33(3) 131(5)
ARG40 | 0.14(0.04) | 444(0.03) | 7.7(04) | 2.7(05) | -17(5) | 186(17)
SER41 | -4.07(0.01) 47(02) | 4.6(0.4) | 104(5) | 41028)
LEU42 | -6.78(0.01) | 5.42(0.04) | 45(02) | 3.7004) | 77(3) 295(24)
THR43 | -2.49(0.01) | 3.89(0.03) | 5.8(02) | 10.3(0.9) | 96(5) 470(60)
THR44 | 6.52(0.01) | 4.70(0.03) | 10.8(0.5) | 28.7(3.1) | 140(13) | 512(141)
GLY45 | -0.20(0.02) | 3.91(0.03) | 43(04) | 52(0.5) | 69(10) | 371(33)
GLU46 | -0.52(0.01) | 401(0.02) | 32(03) | 22(0.4) | 62(5) 262(20)
THR47 | -1.46(0.01) | 3.52(0.02) | 2.9(02) | 4.1005) | 55(3) 300(24)
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ALA48 | -0.95(0.01) | 3.84(0.02) | 3.1(0.2) | 0.9(0.4) | 50(3) 312(20)
TYR49 | 2.78(0.01) | 427(0.03) | 3.9(02) | 33(03) | 24(3) 127(6)
ILESO | 13.03(0.01) | 5.05(0.04) | 4.5(02) | 2.9(0.4) | 12(2) 49(4)
SER52 | -5.67(0.01) | 4.44(0.03) | 4.102) | 4.0(0.5) | 107(5) | 505(40)
ASN53 | 4.66(0.01) | 2.65(0.03) | 33(0.3) | 9.9(1.4) | 244(18) | 3329(5591)
TYRS4 | 2.40(0.01) | 3.98(0.03) | 3.7002) | 3.5(003) | 54(3) 268(14)
VALS55 | 16.80(0.01) | 2.82(0.03) | 23(0.2) | 0.3(0.3) | 17(2) 77(4)
ALA56 | 8.12(0.01) | 451(0.04) | 4.7(02) | 3.3(03) | 16(2) 53(3)
VAL58 | -1.30(0.01) - 44(02) | 3.00.4) 6(2) 37(3)
ASP59 | 1.64(0.01) | 2.78(0.02) | 6.4(02) | 21.0(14) | 14(2) 93(26)
ARG60 | 1.10(0.01) | 1.88(0.01) | 2.2(0.1) | 2.3(02) | -2(1) 7(1)

*Numbers in parenthesis are uncertainties of the measured parameters. For A®gs, a

minimum error of 0.01 ppm is given. The A@g; values were measured at pH 7.7.

®p%cyrvalues were measured at pH 5.7 as the difference between the relaxation rates of

HzNZ and Nz(lg)

‘Data could not be measured, or assignment unavailable.
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