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SI Text 
 

A brief description of CEST.  

The interested reader is referred to the original literature (1, 2) as well as a review article (3) that outlines 

the physical basis of the CEST approach for studying sparse protein states and to the original description 

of magnetization transfer due to chemical exchange in the presence of radio frequency fields by Forsen and 

Hoffman (4). In order to understand how the CEST experiment detects ‘invisible’ states we consider a 

simple two-site interconversion, , where kAB and kBA are forward and reverse rate constants, 

kex,AB = kAB + kBA, and the fractional population of state B is pB = kAB/kex,AB, with pA + pB = 1. Typically, pB 

<< 1 making it the ‘invisible’ minor state. We denote the chemical shifts (ppm) of an exchanging spin in 

each state as vA (state A) and vB (state B). Central to the CEST experiment is the application of a weak B1 

field (~5-50 Hz), typically at one irradiation frequency per experiment, ‘searching’ for the resonance 

position of the spin in state B. At the start of the experiment the magnetization for spins A and B is aligned 

along the Z-axis. However, when the irradiation frequency of the weak B1 field, v, is coincident with vB, 

spins in molecules in state B precess around B1 and will not be aligned along Z when the molecule returns 

to state A. Additionally, during this interval magnetization is transferred from A to B and for saturating B1 

fields magnetization does not return coherently to A. The net effect is a loss of magnetization in state A. 

As the molecules exchange between A and B during a relaxation period of duration TEX which is typically 

several hundreds of milliseconds the loss in magnetization can be substantial (2, 5) and the CEST profile, 

I(v)/I0 vs v, where I(v) and I0 are the  intensities of the signal derived from state A with and without 

application of the B1 field during the relaxation delay (TEX),  contains dips at both vA and vB. By analyzing 

CEST profiles recorded with different B1 values, the exchange parameters kex,AB and pB can be obtained in 

addition to vB. CEST experiments have typically been used to study exchange reactions occurring with rate 

constants between ~5 to ~500 s-1 though faster exchange processes between the major and minor state have 

been studied using higher B1 fields (6, 7). 

 

How robust is the four-state model?  

We have tested the robustness of the results from the four-state analysis of our CEST data by randomly 

discarding ~30% of the 15N CEST profiles during the fitting process, SI Appendix Figure S2 (“dropout” 

analysis). This procedure was repeated 200 times and the data was fit to a four-state model where all four 

states exchange with each other and where R2I1 = R2I2 =R2F and R2U =R2F/2. With the exception of kex,FU and 

kex,FI1 the fitting parameters are distributed around a single value. However, in the case of kex,FU, we obtained 

kex,FU ~0 s-1 for ~90% of the trials, while kex,FU ~35 s-1 for the remaining 10%, accompanied by a decrease 

in kex,FI1 from ~160 s-1 to ~40 s-1 such that kex,FU and kex,FI1 are anti-correlated. As U and I1 rapidly 

interconvert with each other and kex,I1U >> kex,FU, kex,FI1, the 15N CEST data cannot be used to distinguish 

which of I1 or U directly exchanges with F (!!"#$ =0.9 for both sets of kex,FU and kex,FI1 values listed above). 

 
A

kAB

kBA

⎯→← ⎯⎯ B
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Fits of both models (kex,FU = 0 and 35 s-1) to the 15N CEST data result in essentially the same populations 

(pI1 0.34 vs 0.32% , pI2 0.19 vs 0.19 % and pU 1.03 vs 1.04 % and chemical shifts for the I1, I2 and U states, 

SI Appendix, Fig. S2); the conclusions of our study are not affected by which set of exchange parameters is 

chosen. We prefer the solution with kex,FU = 0 s-1 since the folding model is then simpler, the quality of the 

fits are the same (!!"#$ =0.9 for both models, SI Appendix Table S2) and because every other FF variant 

studied folds via an intermediate (8-10). Further in regular Monte-Carlo and bootstrap protocols in which 

entire 15N CEST profiles were not discarded, kex,FU and kex,FI1 are well defined with ~99% of the values 

around ~0 and ~160 s-1 respectively. 

As discussed in the main text, Ser 56 is the only residue for which a distinct I2 state dip was observed 

in 15N CEST profiles. Therefore, we wanted to verify that the selected four-state folding model was not 

biased by the fortuitously large DvFI2 value for this one residue. A general three-state model where F, I and 

U interconvert with each other, subject to the constraints R2I =R2F and R2U =R2F/2, did not fit the 15N CEST 

data well, even when Ser 56 was removed (!!"#$ ~ 1.67, SI Appendix Table S2), though the fits were worse 

when Ser 56 was included (!!"#$ ~ 2.44, SI Appendix Table S2). Not constraining R2U in a dataset where Ser 

56 was removed improves the quality of the fits (!!"#$ ~ 1.0, SI Appendix Table S2), yet R2U rates for a 

significant number of residues were > 100 s-1 indicating that the unfolded state exchanges with an additional 

conformer that is not within the model and that Ser 56 is not biasing this conclusion. Without Ser 56 the F 

« I2 « I1 « U model fit the 15N CEST data well (!!"#$ ~ 0.93, SI Appendix Table S2) even with the 

constraints R2I1 = R2I2 = R2F and R2U = R2F/2, although the I2 « F « I1 « U model did not (!!"#$ ~ 1.47, 

SI Appendix Table S2). Thus the requirement of a four-state model to fit the data is not dependent on 

whether Ser 56 is included in the analysis. However, Ser 56 is required for the selection of the ‘correct’ 

four-state model (i.e., to distinguish between different four-state models, Fig. 3).   
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Materials and Methods 

Protein expression and purification. WT, A17G, and A39G FF domains were overexpressed in E coli 

BL21(DE3) cells transformed with pET-29b plasmids containing the appropriate genes (Genscript). [U -
15N] protein was expressed in cells grown in M9 media with 1 g/l 15NH4Cl as the nitrogen source and 

purified using a two-step protocol consisting of a cation exchange (5 ml SP Fast Flow, GE) step followed 

by size exclusion (120 ml Superdex 75, GE) chromatography as described previously (11).   

NMR samples. The ~550 µl NMR samples contained ~2 mM [U- 15N] protein dissolved in the appropriate 

buffer (SI Appendix Table S1). In the A39G FF sample used to study four-state exchange (Sample 1, SI 

Appendix Table S1) the fraction of added D2O for the lock was limited to 2.5% to avoid complications due 

to H/D exchange during the TEX period (12). 

NMR spectroscopy. NMR experiments were performed on Bruker Avance III HD (600 & 700 MHz) and 

Neo (500 MHz & 1 GHz) spectrometers equipped with triple resonance cryogenically cooled (600 MHz, 

700 MHz & 1 GHz) or room temperature probes (500 MHz), with X, Y, Z (600 MHz & 1 GHz) or Z (500 

MHz & 700 MHz) gradients. Amide 15N CEST data was recorded using the standard 15N CEST sequence 

(1) in which the 15N-1H spin system is essentially reduced to an isolated spin ½ spin system by 1H 

decoupling using 90x240y90x composite inversion pulses (13) during the exchange period of duration TEX. 

To expedite data acquisition, 24 to 30 complex data points were recorded in the indirect 15N dimension with 

a sweep width of 16.9 ppm. The 15N B1 field was calibrated using the nutation method (14). Additional 

details are listed in SI Appendix Table S1. The D-CEST experiment (15, 16) was not used to record 15N 

CEST profiles as decoupling artifacts can alias into the region of interest. 

Data analysis. The NMRPipe software package was used to processes the NMR data (17), SPARKY (18, 

19) to visualize and label the spectra, and PINT (20) to extract peak intensities from the two-dimensional 
1H-15N planes in the CEST datasets. ChemEx (21), that propagates the Bloch-McConnell equations (22) 

numerically to minimize the variance between experimental and calculated data, !$ = ∑ %%!"#$,&&%'(),&'&
&
$(

)*+ , 

was used to fit different kinetic models to the data and obtain the best fit exchange parameters.  Here ',-. 

is the experimentally measured intensity of a cross-peak in the 1H-15N HSQC spectrum, '/012 is the intensity 

calculated using the exchange parameters, and ( is the uncertainty in the measured intensities with the 

summation extending over all the experimental data points. To carry out model selection we used a total of 

fourteen residues: Thr 13, Lys 26, Lys 28, Arg 29, Asn 33, Glu 37, Lys 41, Met 42, Ile 43, Ser 50, Leu 52, 

Leu 55, and Lys 59 for which |DvFU| values obtained by a simple two-state analysis were greater than 4 

ppm, and Ser 56 which gave a distinct dip at vI2. Rates and populations obtained from fits to this set of 

residues were used to analyze the CEST profiles from all of the other residues. During the fitting process, 

initial estimates of vU were obtained from the minor state dip positions in the CEST profiles while vI1 was 

initialized to the CPMG derived chemical shifts of the folding intermediate of the WT FF domain (23) for 



 5 

all sites except Gln 38, Gly 39 and Met 40 that are proximal to the site of mutation. For these residues vI1 

was initialized to different values in separate minimizations with the exchange parameters fixed to obtain 

the ‘best’ estimates for vI1. For Ser 56, vI2 was initialized to the position of the dip that arises from I2 for 

this residue, while for the other sites minimization was initialized at various starting positions in the vicinity 

of vI1 to find the ‘right’ vI2. Once it was established that vI2 could be obtained from A17G FF + 20% 

glycerol, we used these chemical shift values as the initial guesses for vI2 except for residues Glu 16, Ala 

17, Lys18, Gln 38, Gly 39, and Met 40 that are close to the A17G and A39G sites of mutation; for these 

residues vI2 was initialized to different values with the exchange parameters fixed to obtain the best 

estimate of vI2. The same procedure was used to initialize vI1 and vI2 values for the three-state fits of A39G 

FF CEST profiles recorded in 25% glycerol buffer (Fig. 4E). Fits of the 1M urea (A39G), 10% TFE (A39G) 

and 20% glycerol (A17G FF) datasets were performed by starting minimization with the minor state 

chemical shifts set to the positions of the corresponding minor state dips in the CEST profiles. Uncertainties 

in the best-fit parameters were estimated using the covariance matrix approach or via Monte 

Carlo/Bootstrap procedures with 200 repeats (24, 25). We did not analyze data recorded from the first 9 

residues that are part of the disordered tail. 

The kinetic matrix (K) for N state exchange that is intrinsic to the Bloch-McConnell equations (22), 

and required for the analysis of the dynamics of the system, is related to rates and populations of the states 

as follows: )),4 = *4) when + ≠ - and )),) = −∑ *)4(
4*+ 	(- ≠ +). Here *)4 = *"-,)4

.*
.&5.*

  is the rate constant 

for the reaction from state i to j (26, 27). The populations 2(3) at any time t after the start of the reaction 

can be calculated according to 2(3) = 4672(0), where	2(0) and 2(3) are column vectors that contain the 

populations of the different states at time 0 and t, respectively. The relaxation timescale for the ith exchange 

process is given by 6) = −1/9) where 9) is an eigenvalue of K. One of the N eigenvalues of K will be 0 

and the eigenvector corresponding to this eigenvalue contains the equilibrium populations.  
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Figure S1 Modelling the folding of A39G FF via a global three-site exchange scheme with an on-pathway 
intermediate (I).  A) 15N CEST profiles (B1 = 27.7 and 64.9 Hz) for residues Lys 22, Ile 43, Ser 50 and Ser 56 (1 oC, 
1 GHz) are shown along with the linear three-state model on the right used to analyze the CEST data. The chemical 
shifts of the minor states obtained from the three-state analysis are indicated with cyan and red lines for the I and U 
states, respectively, with the position of the major native state highlighted with a black line. The experimental data 
points are shown in magenta and the brown line was calculated using the global three-state best fit parameters with 
R2U allowed to vary from site to site.  B) Comparison of ΔϖFU values obtained using the three-state analysis (A) with 
those predicted using unfolded state chemical shifts calculated with the program POTENCI (28). C) Comparison of 
ΔϖFI values obtained from the three-state analysis above (A) with those reported at 30 oC for WT FF based on a 
previous analysis of CPMG data (23). In B and C data from Ser 56 is shown in black and not included in the RMSD 
and offset calculations as the I state dip arises from a new intermediate (I2) that is not accounted for in the three 
state model (See text).  D) 15N Rex values at 600 MHz and 1 GHz for residues (with |ΔϖFU| > 2 ppm) in the U state, 
approximated as R2,U - R2,F/2. Rex values are large, indicating that U exchanges with an additional state beyond I (i.e., 
the exchange reaction is more complex than three-state).   
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Figure S2 Assessing the robustness of the four-state exchange parameters for the A39G FF domain folding reaction. 
(A) Distributions of four-state exchange parameters obtained from a ‘dropout’ analysis. Two hundred synthetic 
datasets were generated by randomly discarding ~30% of the 15N CEST profiles entirely and the remaining profiles 
fit to the model shown on the right in which all four-states interconvert with each other. All the populations and most 
of the exchange rates are well defined. About 90% (10%) of the trials result in kex,FU ~0 s-1 (kex,FU ~35 s-1), with a 
concomitant decrease in kex,FI1 from ~160 s-1 to ~40 s-1 for kex,FU ~35 s-1. (B) The extracted chemical shifts do not vary 
between fits with kex,FU =0 s-1 or kex,FU =35 s-1. 
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Figure S3 Additives and mutations simplify FF domain dynamics. A) Comparison of ΔϖFU values obtained via a two-
state analysis of A39G FF + 1 M urea CEST data (1 oC) with ΔϖFU values obtained using U state shifts predicted by 
the program POTENCI (28). B) Comparison of Δϖ values generated from a two-state analysis of A39G FF + 10% 
TFE CEST data (1 oC) with ΔϖFI values obtained from CPMG derived shifts of the folding intermediate of the WT FF 
domain, 30 oC (8, 23). The good correlation establishes that the minor state populated by A39G FF in the presence 
of 10% TFE has a structure similar to the folding intermediate of WT FF detected previously at 30 oC. C) Comparison 
of Δϖ values fitted using a two-state analysis of A17G FF CEST data recorded in the presence of 20% glycerol, 5 
oC with ΔϖFI values obtained using CPMG derived chemical shifts of the folding intermediate of A17G FF at 25 oC 
(8). The excellent correlation establishes that the minor state detected for A17G FF at 5 oC, 20% glycerol, is 
structurally very similar to the folding intermediate detected earlier (8). 
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Figure S4 Four-state fits of the A39G FF 15N CEST data, either unconstrained or constrained such that pI1/(pI1 + pU) 
= 0.32, give similar extracted parameters, as indicated in A and B. In both models pU > pI1 > pI2 and the chemical 
shifts of the minor states are essentially identical (C-E). 
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Figure S5 Intermediates I1 and I2 can be readily distinguished from each other based on CEST data. (A,B) 
Comparison of ΔϖFI1 values from the four-state analysis with the two-state 15N Δϖ values obtained for A39G FF + 
10% TFE (A) and for A17G FF + 20% glycerol (B). (C,D) Comparison of ΔϖFI2 values from the four-state analysis 
with the two-state 15N Δϖ values obtained for A17G + 20% glycerol (C) and for A39G FF + 10% TFE (D). Data plotted 
in panels A and C are also plotted in the main text figures, 4G and 4H respectively.    
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Figure S6 The WT FF domain populates the I2 state. A) 15N CEST profiles for Lys 22, Ile 43, Ser 50 and Ser 56 from 

WT FF (SI Appendix Table S1: Sample 6, 1 oC) recorded at 700 MHz with B1 = 52.1 Hz. The vI2 shifts obtained from 
the four-state analysis of the A39G FF CEST data (Fig. 4, SI Appendix, Table S4) are shown using the green vertical 
lines. Minor state dips can be clearly seen at the predicted positions for Ser 50 and Ser 56. The experimental CEST 
points are in magenta and best fit curves in brown, generated from the global optimized exchange parameters (kex,FI2 

= 354 s-1, pI2 = 0.19%) with R2,I2 unconstrained. B) Linear correlation plot of four-state and two-state DvFI2 values 
obtained from the analysis of A39G FF and WT FF CEST profiles, respectively, confirming that WT FF samples the 
I2 state. Previous CPMG-based studies at 30 oC established that the folding of WT FF proceeds via an intermediate 
(8, 23) whose chemical shifts are similar to I1 (see text, SI Appendix Fig. S3B). Thus, given that the WT FF domain 
populates the I2 state, its folding can also be described in terms of a four-state equilibrium. At 1 oC the populations 
of both the I1 and U states have decreased considerably so that reasonable fits can be achieved with a two-state 

model. As the dips at vI2 are broadened, presumably because FF WT samples I1 in addition to I2, R2,I2 was allowed 
to float during the two-state fits for sites where a clear minor state dip was seen (Ser 50, Leu 52, Ala 53, Leu 55, Ser 
56, and Lys 59). 
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Figure S7 The A17G FF domain populates the I1 state. A) 15N CEST profiles for Lys 22, Ile 43, Ser 50 and Ser 56 

of A17G FF (SI Appendix Table S1: Sample 7, 2.5 oC) recorded at 700 MHz with B1 = 52.2 Hz. The vI2 shifts obtained 

from the four-state analysis of A39G FF CEST profiles (Fig. 4) are highlighted by green vertical lines and WT FF vI 
shifts obtained from a previous CPMG study, 30 oC, (23) are indicated using blue vertical lines. The experimental 
data (magenta) is fit with the model shown on the top, to generate the parameters as indicated. It is worth noting that 
a two-state model did not fit the CEST data adequately (!+,-.  ~1.47) while the three-state model shown above did 
(!+,-.  ~0.45).  Thus, the A17G has at least two intermediate states, I1 and I2, as described in the text. At the outset 
of the fitting process vI1 values were initialized to the CPMG derived chemical shifts of the folding intermediate of 

WT FF (23) and vI2 values were set to those obtained from analysis of CEST profiles from A17G FF + 20% glycerol 
5 oC (Sample 5, SI Appendix Table S1, Table S7). To account for residual U state, R2,I1 was floated while R2,I2 = R2,F 

during the fits. B) The strong correlation between the WT FF DvFI values obtained via a previous analysis of CPMG 
data (30 oC) (23) and the corresponding values from the three-state analysis of the CEST data recorded on A17G  
FF, 2.5 oC, described here, confirms that A17G FF also samples the I1 state. As A17G FF was shown to populate I2 
in a previous study (8), it is clear that folding of A17G FF is also best described in terms of a four-state model, as for 
A39G and WT FF domains.  
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Figure S8 Four-state 15N CEST profiles can be sensitive to resonance frequencies of nuclei in states that cannot be 
observed. 15N CEST profiles were calculated at a static magnetic field of 1 GHz, B1 = 50 Hz, TEX = 0.45 s, with the 
exchange rates and populations set to the best fit values for the A39G FF domain folding reaction obtained via fits to 
experimental data . ϖF, ϖI1 and ϖU were set to 0, 7 and 10 ppm, respectively, as indicated by the arrows. Profiles 
calculated with ϖI2 = 4, 9.4 and 14 ppm are shown in grey, cyan and orange, respectively, indicated by vertical lines. 
When ϖI2 = 4 ppm (grey) there is a loss of intensity in the 4 - 7 ppm range, and when ϖI2 = 14 ppm (similar to the 
downfield shift observed for Ser 56 of A39G FF) there is clear broad dip due to I2 near 14 ppm. When ϖI2 = 9.4 ppm 
the averaged minor state dip that results from the rapid exchange between I1 and U is narrowed, as its position at 
9.3 ppm is close to ϖI2 = 9.4 ppm, and thus exchange broadening between U+I1 and I2 is reduced. It is clear that 
shapes of CEST profiles depend on both the kinetics of the involved processes and the chemical shifts of the different 
states such that in at least some cases detailed information about conformers that are ‘CEST-invisible’ can be 
obtained.  

 

 
 



 14 

Sample Protein Buffer Temperature 
oC 

15N CEST NMR Experiments 
Comments 

B0 (MHz) B1 (Hz) TEX 
(ms) 

Center [vcent] 
(ppm) Range (Hz) Step Size 

(Hz) 

1 A39G 
FF 

50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 2.5% D2O (pH 5.7) 1 

1000 

8.3 500 118.318 ±1175 10 

15N CEST data at 600 MHz & 1 GHz were 
used for the bulk of the analysis. D2O 
concentration was minimized to reduce 
artifacts resulting from H/D exchange. 

27.7 450 118.318 ±1292.5 27.5 
64.9 450 118.318 ±1537.5 37.5 

159.6 370 118.318 ±1640.0 40 

224.5 350 118.318 ±2035 55 

600 
15.9 500 118.318 ±900 15 

29.1 450 118.318 ±900 18 

2 A39G 
FF 

50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 25% glycerol, 10% D2O 
(pH 5.7) 

15 700 

18.3 500 117.928 ±1086.5 20.5 

15N CEST data at 700 MHz used for three-
state fits between F, I1 and I2 (Fig. 4E). 

31.3 475 117.928 ±1260 30 
52.2 450 117.928 ±1400 35 

114.8 350 117.928 ±1660 41.5 
219.2 350 117.928 ±1746 48.5 

3 A39G 
FF 

50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 1M urea, 10% D2O (pH 
5.7) 

1 700 
18.3 500 117.821 ±1086.5 20.5 15N CEST data at 700 MHz used to obtain 

U state shifts via two-state analysis (Fig. 
4B). 33.9 475 117.821 ±1260 30 

4 A39G 
FF 

50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 10% TFE, 10% D2O (pH 
5.7) 

1 700 
10.4 500 117.821 ±1075 12.5 15N CEST data at 700 MHz used to obtain 

I1 state shifts via two-state analysis (Fig. 
4C). 18.2 500 117.821 ±1086.5 20.5 

5 A17G 
FF 

50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 20% glycerol, 10% D2O 
(pH 5.7) 

5 700 
10.3 500 117.822 ±900 15 15N CEST data at 700 MHz used to obtain 

I2 state shifts via two-state analysis (Fig. 
4D). 25.8 500 117.822 ±1100 25 

6 WT FF 50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 10% D2O (pH 5.7) 1 700 

26.0 500 117.825 ±1100 25 15N CEST data at 700 MHz showing that 
WT FF populates I2 (Fig. S6) in addition to 
I1. 

52.1 450 117.825 ±1400 35 
114.6 350 117.825 ±1746 48.5 

7 A17G FF 50 mM sodium acetate, 100 mM NaCl, 2mM 
EDTA, 2mM NaN3, 10% D2O (pH 5.7) 2.5 

700 

18.3 500 117.811 ±1260 20 
15N CEST data at 500 and 700 MHz used 
to obtain I1 state shifts of A17G FF via 
three-state (F, I1 & I2) analysis (Fig. S7), 
thereby establishing that A17G FF 
populates I1 in addition to I2. 

52.2 450 117.811 ±1400 40 
104.4 350 117.811 ±1746 48.5 
208.8 350 117.811 ±1746 48.5 

500 51.8 450 119.811 ±1250 50 

 
Table S1 Details of the different samples and 15N CEST experiments used in this study. Seven samples in total were used. The FF variant, buffer composition, temperature, 
spectrometer frequency (B0), 15N B1 field applied during the TEX period, and the length of the TEX period are listed. 15N CEST profiles were recorded by weak B1 irradiation at offsets 

ranging from vcent – Range to vcent + Range in steps of ‘step size’ resulting in a total of [(2´Range)/(step size) + 2] planes that includes the reference plane recorded with TEX = 0. 
All experiments were carried using the regular 15N CEST pulse scheme (1) in which 1H decoupling is performed using 90x240y90x composite pulses (13) during the TEX period.  
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Model 

Residues 
15N CEST 
Datasets 

B0 (MHz) B1 (Hz) 
Constraints !!"#$  Comments 

States Description 

1 2 F « U Set 1 Set 1 R2U = R2F/2 5.29  

2 2 F « U Set 1 Set 1 None 1.43 R2U unconstrained. 

3 3 F « I1 « U Set 1 Set 2 R2I1 = R2F 
R2U = R2F/2 2.44  

4 3 F « I1 « U Set 1 Set 2 R2I1 = R2F 1.27 R2U unconstrained. 

5 3 Triangular Set 1 Set 2 R2I1 = R2F 
R2U = R2F/2 2.44  

6 3 Triangular Set 1 Set 2 R2I1 = R2F 1.0 R2U unconstrained. 

7 4 F « I2 « I1 « U Set 1 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 1.1  

9 4 I2 « F « I1 « U Set 1 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 1.63  

10 4 
All 4 states 

exchange with each 
other 

Set 1 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 0.9  

11 4 kex,I2U = kex,FU = 0 s-1 Set 1 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 0.9  

12 4 kex,I2U = kex,FU = 0 s-1 Set 1 Set 2 R2I1 = R2I2 = R2F 0.86 R2U unconstrained. 

13 4 kex,I2U = kex,FU = 0 s-1 Set 1 Set 2 
R2I1 = R2I2 = R2F 

R2U = R2F/2 
pI1/(pI1 + pU) = 0.32 

0.91 pI1/(pI1 + pU) = 0.32 

14 3 Triangular Set 2 Set 2 R2I1 = R2F 
R2U = R2F/2 1.67  

15 3 Triangular Set 2 Set 2 R2I1 = R2F 1.01 R2U unconstrained. 

16 4 F « I2 « I1 « U Set 2 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 0.93  

17 4 I2 « F « I1 « U Set 2 Set 2 R2I1 = R2I2 = R2F 
R2U = R2F/2 1.47  

 
Table S2 Summary of various exchange models fitted to A39G FF 15N CEST profiles recorded at 600 MHz 
and 1 GHz. Sample  and experimental details are presented in SI Appendix Table S1, Sample 1. Set 1 under 
‘Residues’ refers to 15N CEST profiles from Thr 13, Lys 26, Lys 28, Arg 29, Asn 33, Glu 37, Lys 41, Met 42, Ile 
43, Ser 50, Leu 52, Leu 55, Ser 56 and Lys 59; Set 2 refers to all the residues in Set 1 except for Ser 56.  Set 
1 under 15N datasets refers to 15N CEST profiles recorded with B1 = 8.3 and 27.7 Hz at 1 GHz and 15.9 and 
29.1 Hz at 600 MHz while Set 2 contains 15N CEST profiles with B1 = 64.9, 159.6, and 224.5 Hz at 1 GHz in 
addition to the ones in Set 1. 
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Model 

Residues 
15N CEST 
Datasets 

B0 (MHz) B1 (Hz) 
Constraints !!"#$   Comments 

States Description 

1 3 F « I2 « I1 Set 1 Set 1 R2I1 = R2I2 = R2F  1.22  

2 3 F « I1 « I2 Set 1 Set 1 R2I1 = R2I2 = R2F 1.40  

3 3 I2 « F « I1 Set 1 Set 1 R2I1 = R2I2 = R2F 3.3  

4 3 Triangular Set 1 Set 1 R2I1 = R2I2 = R2F 1.05  

5 3 Triangular Set 1 Set 1 R2I2 = R2F 0.98 R2I1 unconstrained. 

 
Table S3 Summary of various exchange models fitted to A39G FF+25% glycerol 15N CEST profiles recorded 
at 700 MHz (15 oC; see Fig. 4E). Sample and experimental details are presented in SI Appendix Table S1, 
Sample 2. Set 1 under residues refers to 15N CEST profiles from Thr 13, Lys 26, Lys 28, Arg 29, Asn 33, Glu 
37, Lys 41, Met 42, Ile 43, Ser 50, Leu 52, Leu 55, Ser 56, and Lys 59. Set 1 under 15N CEST datasets refers 
to 15N CEST profiles recorded with B1 = 18.3, 31.3, 52.2, 114.8, and 219.2 Hz at 700 MHz. 
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Residue  vF 
DvFI1 (ppm) DvFI2 (ppm) DvFU (ppm) 

Value Uncertainty Value Uncertainty Value Uncertainty 
10 T 114.456 0.74 0.67 2.93 0.69 1.78 0.23 
12 N 119.937 -0.00 0.74 -1.65 0.23 -0.33 0.27 
13 T 108.200 0.26 0.20 0.08 0.20 5.49 0.20 
14 K 123.087 -2.39 0.63 0.53 0.26 -0.23 0.20 
15 E 119.161 0.30 0.20 0.42 0.20 2.51 0.20 
16 E 119.979 -0.13 0.20 0.02 0.20 1.88 0.20 
17 A 125.114 -2.72 0.21 -1.36 0.20 -0.53 0.20 
18 K 117.296 0.33 0.20 0.91 0.20 2.76 0.20 
19 Q 119.029 -0.51 0.20 -0.98 0.20 1.51 0.20 
20 A 122.950 -0.44 0.25 -0.98 0.20 1.17 0.20 
21 F 119.052 -1.21 0.24 2.39 0.32 0.72 0.21 
22 K 117.676 0.52 0.20 0.44 0.20 4.29 0.20 
23 E 120.495 -0.87 0.69 -1.90 0.20 0.10 0.24 
24   L      123.032        -1.24         0.46        1.07         0.34       -0.13         0.20 
25 L 118.123 0.30 0.20 -0.70 0.20 3.62 0.20 
26 K 115.728 2.55 0.20 1.87 0.20 6.17 0.20 
27 E 122.812 -4.75 0.20 0.76 0.20 -1.18 0.20 
28 K 113.887 1.65 0.20 0.65 0.20 8.29 0.20 
29 R 115.358 0.87 0.20 -0.36 0.24 7.38 0.20 
30 V 120.652 -3.12 0.20 1.38 0.20 3.03 0.20 
32 S 116.036 -2.09 0.22 -0.35 0.22 1.35 0.20 
33 N 115.649 1.76 0.20 -0.12 0.20 5.16 0.20 
34 A 123.221 -0.92 0.25 0.51 0.37 1.31 0.20 
35 S 117.076 -0.31 0.20 0.72 0.20 -1.73 0.20 
36 W 123.210 3.18 0.20 -0.03 0.27 -0.59 0.21 
37 E 116.191 1.72 0.20 0.45 0.20 5.87 0.20 
38 Q 117.242 1.23 0.20 1.50 0.20 2.91 0.20 
39 G 107.524 0.25 0.20 -0.43 0.20 1.97 0.20 
40 M 120.731 -1.10 0.20 -2.01 0.20 -0.80 0.20 
41 K 114.658 2.92 0.20 2.45 0.20 7.23 0.20 
42 M 113.557 1.54 0.20 0.81 0.20 7.62 0.20 
43 I 108.880 6.27 0.20 1.22 0.20 14.10 0.20 
44 I 119.108 -2.34 0.20 -0.21 0.25 5.12 0.20 
45 N 116.638 -1.00 0.20 -1.27 0.20 5.23 0.20 
46   D      123.175         3.09         0.25        2.13         0.20       -0.54         0.20 
48 R 116.224 0.96 0.20 1.15 0.20 2.79 0.20 
50 S 107.883 6.07 0.20 5.32 0.20 8.98 0.20 
51 A 123.559 -0.58 0.20 -1.36 0.20 2.29 0.20 
52 L 111.376 7.13 0.20 6.93 0.20 8.86 0.20 
53 A 126.420 -4.45 0.20 -4.78 0.20 -2.15 0.20 
54 K 115.773 1.33 0.20 -1.49 0.20 3.93 0.20 
55 L 128.324 -8.76 0.20 -6.44 0.20 -5.64 0.20 
56 S 112.024 2.13 0.20 11.75 0.20 3.85 0.20 
57 E 122.123 -1.15 0.33 -2.95 0.20 -0.25 0.20 
58 K 121.331 -0.43 0.23 -1.11 0.26 1.43 0.20 
59 K 116.410 5.32 0.20 4.18 0.20 6.74 0.20 
60 Q 119.261 1.29 0.20 0.40 0.20 2.83 0.20 
61 A 123.081 0.57 0.20 1.58 0.20 2.80 0.20 
62 F 121.188 -1.10 0.20 -0.46 0.20 -1.10 0.20 
63 N 118.239 2.27 0.26 0.74 0.21 3.25 0.20 
64 A 122.397 0.34 0.20 1.75 0.28 2.64 0.20 
65 Y 120.747 -1.66 0.20 -0.55 0.20 -1.76 0.20 
66 K 119.379 2.89 0.73 2.67 0.91 4.73 0.24 
67 V 114.492 8.14 0.20 0.01 0.20 8.09 0.20 
68 Q 120.614 5.46 0.20 1.18 0.20 4.22 0.20 
69 T 114.420 1.74 0.20 0.35 0.20 1.93 0.20 
70 E 123.573 0.65 0.24 0.78 0.20 0.51 0.20 
71 K 127.565 -0.31 0.20 -0.61 0.20 -0.22 0.20 

 
Table S4 Chemical shifts of the F, I1, I2 and U states of A39G FF, 1 oC, obtained from the four-state analysis 

(kex,FI1 = 158 ± 20 s-1, kex,FI2 = 344 ± 20 s-1, kex,I1I2 = 1573 ± 50 s-1, and  kex,I1U = 8453 ± 400 s-1, and fractional 

populations pI1= 0.34 ± 0.05 %, pI2 = 0.19 ± 0.01 % and pU = 1.03 ± 0.05 %) of 15N CEST data recorded at 600 

MHz and 1 GHz (Sample 1, SI Appendix Table S1). The minimum uncertainty in Dv is set to 0.2 ppm.  
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Residue  vF 
DvFU (ppm) 

Value Uncertainty 
10 T 114.659 1.82 0.20 
12 N 120.133 0.48 0.20 
13 T 108.175 5.56 0.20 
14 K 123.202 0.28 0.20 
15 E 119.130 2.64 0.20 
16 E 119.899 2.15 0.20 
17 A 125.064 -0.38 0.20 
18 K 117.327 3.02 0.20 
19 Q 119.031 1.91 0.20 
20 A 122.953 1.68 0.20 
21 F 119.037 0.82 0.20 
22 K 117.652 5.01 0.20 
23 E 120.499 1.09 0.20 
24 L 123.032 0.53 0.20 
25 L 118.096 4.37 0.20 
26 K 115.725 6.42 0.20 
27 E 122.767 -1.09 0.20 
28 K 113.887 8.68 0.20 
29 R 115.469 7.50 0.20 
30 V 120.589 2.88 0.20 
32 S 116.113 0.47 0.20 
33 N 115.700 5.03 0.20 
34 A 123.084 1.24 0.20 
35 S 117.149 -1.72 0.20 
36 W 123.226 0.04 0.20 
37 E 116.237 5.85 0.20 
38 Q 117.217 3.07 0.20 
39 G 107.484 2.21 0.20 
40 M 120.715 -0.86 0.20 
41 K 114.714 7.53 0.20 
42 M 113.586 8.06 0.20 
43 I 108.873 14.36 0.20 
44 I 119.149 5.67 0.20 
45 N 116.665 5.73 0.20 
46 D 123.172 0.29 0.20 
48 R 116.184 2.83 0.20 
50 S 107.911 8.96 0.20 
51 A 123.578 2.37 0.20 
52 L 111.472 8.72 0.20 
53 A 126.422 -2.04 0.20 
54 K 115.736 4.33 0.20 
55 L 128.356 -5.42 0.20 
56 S 112.100 4.06 0.20 
57 E 122.081 1.06 0.20 
58 K 121.366 1.46 0.20 
59 K 116.444 6.92 0.20 
60 Q 119.336 2.91 0.20 
61 A 123.084 2.71 0.20 
62 F 121.181 -0.84 0.20 
63 N 118.237 3.40 0.20 
64 A 122.420 2.42 0.20 
65 Y 120.679 -1.50 0.20 
66 K 119.555 4.38 0.20 
67 V 114.780 8.07 0.20 
68 Q 120.630 4.66 0.20 
69 T 114.308 2.17 0.20 
70 E 123.540 0.58 0.20 
71 K 127.606 -0.21 0.20 

 
Table S5 Chemical shifts of the F and U states of A39G FF + 1 M urea, 1 oC, obtained from the two-state 

analysis (kex,FU = 17.9 ± 2 s-1, pU = 7.4 ± 0.4%) of 700 MHz 15N CEST data (Sample 3, SI Appendix Table S1). 

The minimum uncertainty in Dv is set to 0.2 ppm. 
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Residue  vF 
DvFI1 (ppm) 

Value Uncertainty 
10 T 114.270 0.38 0.20 
12 N 119.239 0.52 0.20 
13 T 108.196 0.68 0.20 
14 K 122.883 -0.77 0.20 
15 E 118.921 0.46 0.20 
16 E 119.951 0.26 0.20 
17 A 124.990 -1.60 0.20 
18 K 117.123 0.59 0.20 
19 Q 118.855 -0.70 0.20 
20 A 122.843 -0.36 0.20 
21 F 118.931 0.30 0.20 
22 K 117.632 0.86 0.20 
23 E 120.046 -1.21 0.20 
25 L 118.185 0.46 0.20 
26 K 115.871 3.54 0.20 
27 E 122.682 -3.32 0.20 
28 K 113.928 2.11 0.20 
29 R 115.270 1.48 0.20 
30 V 120.345 -1.22 0.20 
32 S 115.611 0.69 0.20 
33 N 115.366 2.02 0.20 
34 A 123.136 0.09 0.20 
35 S 117.341 -0.55 0.20 
36 W 123.080 0.75 0.20 
37 E 116.195 2.12 0.20 
38 Q 116.999 1.49 0.20 
39 G 107.146 0.35 0.20 
40 M 120.444 -1.00 0.20 
41 K 114.869 2.89 0.20 
42 M 113.575 2.65 0.20 
43 I 108.881 8.40 0.20 
44 I 119.080 -2.46 0.20 
45 N 116.607 -0.44 0.20 
48 R 116.206 1.55 0.20 
50 S 107.971 6.16 0.20 
51 A 123.587 0.11 0.20 
52 L 111.162 8.50 0.20 
53 A 126.363 -3.91 0.20 
54 K 115.715 1.56 0.20 
55 L 128.151 -7.65 0.20 
56 S 111.938 2.73 0.20 
57 E 121.925 0.08 0.20 
58 K 120.820 0.52 0.20 
59 K 116.351 5.22 0.20 
60 Q 119.338 1.07 0.20 
61 A 123.086 1.13 0.20 
62 F 120.856 -1.26 0.20 
63 N 118.189 1.89 0.20 
64 A 122.234 1.46 0.20 
65 Y 120.567 -1.88 0.20 
66 K 119.730 2.85 0.20 
67 V 114.850 6.38 0.20 
68 Q 119.877 3.93 0.20 
69 T 113.494 1.55 0.20 
70 E 123.336 0.36 0.20 
71 K 127.330 0.17 0.20 

 
Table S6 Chemical shifts of the F and I1 states of A39G FF in the presence of 10% TFE, 1 oC, obtained from 

the two-state analysis (kex,FI1 = 95.5 ± 4 s-1, pI1 = 8.6 ± 0.1%) of 700 MHz 15N CEST data (Sample 4, SI Appendix 

Table S1). The minimum uncertainty in Dv is set to 0.2 ppm. 
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Residue  vF 
DvFI2 (ppm) 

Value Uncertainty 
10 T 114.422 0.85 0.20 
11 W 121.946 -1.56 0.20 
12 N 119.907 -2.00 0.20 
13 T 108.600 1.35 0.20 
14 K 123.204 -0.76 0.20 
15 E 119.286 -0.43 0.20 
16 E 119.752 0.77 0.20 
17 G 109.890 -0.37 0.20 
19 Q 118.487 0.07 0.20 
20 A 122.632 0.64 0.20 
21 F 119.206 0.94 0.20 
22 K 117.521 0.26 0.20 
24 L 122.913 0.13 0.20 
25 L 117.791 0.49 0.20 
26 K 115.516 2.09 0.20 
27 E 122.809 0.30 0.20 
28 K 113.863 0.99 0.20 
29 R 115.297 -0.45 0.20 
30 V 120.290 0.64 0.20 
32 S 116.027 -0.43 0.20 
33 N 115.291 0.30 0.20 
34 A 122.714 0.25 0.20 
36 W 122.587 0.91 0.20 
37 E 116.097 -0.19 0.20 
38 Q 117.866 2.04 0.20 
39 A 122.238 0.39 0.20 
40 M 116.485 -2.13 0.20 
41 K 114.200 3.25 0.20 
42 M 113.920 0.40 0.20 
43 I 109.080 0.93 0.20 
44 I 119.410 -0.17 0.20 
46 D 123.222 1.87 0.20 
48 R 115.902 1.48 0.20 
50 S 107.951 5.08 0.20 
51 A 123.425 -2.33 0.20 
52 L 111.912 6.71 0.20 
53 A 125.667 -2.90 0.20 
54 K 115.388 -1.68 0.20 
55 L 127.976 -5.45 0.20 
56 S 112.252 12.28 0.20 
57 E 121.743 -4.62 0.20 
58 K 121.638 -2.99 0.20 
60 Q 119.133 0.57 0.20 
61 A 123.154 0.39 0.20 
62 F 120.272 -0.61 0.20 
63 N 119.134 0.33 0.20 
64 A 121.915 0.37 0.20 
65 Y 121.060 -0.08 0.20 
66 K 119.435 -0.90 0.20 
67 V 114.192 0.36 0.20 
68 Q 120.212 0.54 0.20 
69 T 113.929 -0.27 0.20 
70 E 123.159 0.41 0.20 
71 K 127.170 -0.20 0.20 

 
Table S7 Chemical shifts of the F and I2 states of A17G FF + 20% glycerol, 5 oC, obtained from the two-state 

(kex,FI2 = 104.6 ± 10 s-1, pI2 = 1.0 ± 0.1%) analysis of 700 MHz 15N CEST data (Sample 5, SI Appendix Table 

S1). The minimum uncertainty in Dv is set to 0.2 ppm. 
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