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Materials and methods

Sample preparation

"*N-labeled and unlabeled ubiquitin and the FAAP20 UBZ domain were expressed and
purified as previously described '. Concentrations of the purified protein samples were
determined by the UV absorption at 280 nm. Two NMR samples were prepared. The first sample
contains 1.33 mM of "°’N-labeled ubiquitin mixed with a 4.5% molar ratio of unlabeled FAAP20
UBZ. The second NMR sample contains 1.4 mM ""N-labeled FAAP20 UBZ mixed with a 4.66%
molar ratio of unlabeled ubiquitin. The NMR buffer contains 25 mM sodium phosphate (pH 7.0),

100 mM KCl, and 10% D,O.

NMR spectroscopy

2D HN““-CEST experiments were recorded with a CEST mixing time of 95 ms at 25 °C
on a Bruker 700 MHz spectrometer equipped with a room temperature 'H/°C/"N triple-
resonance probe for the sample of '"N-labeled ubiquitin in complex with 4.5% unlabeled
FAAP20 UBZ. Three datasets were collected at the experimentally determined 'H B, fields of
14.8 Hz, 21.7 Hz, and 29.5 Hz, covering the chemical shift range from 7.1 ppm to 11.2 ppm with
step sizes of 15 Hz, 22 Hz, and 30 Hz respectively. The 'H B, field inhomogeneity was
determined to be 7.9% based on measured intensities of isolated signals following a series of
hard pulses with flip angles from 0° to 780°. The signal loss of the longitudinal two-spin order
2H,N, caused by the nitrogen decoupling during the CEST period was determined by
measurements with and without the WALTZ16 '"N-decoupling scheme for a remote, off-

resonance 'H CEST frequency. NMR data were processed using NMRPipe . The experimentally



measured chemical shift differences of five ubiquitin residues in the apo state and in the FAAP20
UBZ-bound state ' were used for comparison with those derived from the HN®°-CEST
measurements.
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In order to demonstrate the reliability of the HN™-CEST experiment for measuring the
exchange rate and excited state population from individual signals and from global fitting, we
also carried out the "N-CEST experiment * with a CEST mixing time of 300 ms. Three data sets
were collected at the experimentally measured >N B, fields of 16 Hz, 23 Hz, and 31 Hz,
covering the chemical shift range from 94 ppm to 141.8 ppm with step sizes of 15 Hz, 22 Hz,
and 30 Hz, respectively. NMR data were processed using NMRPipe >. The "N B, field
inhomogeneity was measured to be 6.7% based on hard nitrogen pulses with flip angles from 0°
to 870°. As fitting of the '’N-CEST profiles using separate transverse relaxation rates for the
excited state (Ry ) and ground state (Ry) of individual residues did not improve the outcome
(compare Tables S3 and S4), the final fitting was carried out by assuming equal transverse
relaxation rates for the ground and excited states for individual residues (Table S3).

In order to illustrate the benefit of the HN“*-CEST experiment in the situation of limited
heteronuclear chemical shift difference between the ground and excited states, 1D HN*-CEST
experiment and ""N-CEST experiments were carried out for the isolated HN signal of the
tryptophan sidechain of W180 of '’N-labeled FAAP20 UBZ in the presence of 4.66% unlabeled
ubiquitin. Three proton spinlocks of 14.3 Hz, 21.2 Hz and 28.9 Hz with a CEST mixing time of
95 ms were used for the 1D HN““-CEST experiment at step sizes of 10 Hz, 20 Hz, and 25 Hz,
respectively. The proton B; field inhomogeneity and signal loss due to nitrogen decoupling
during the CEST period were experimentally determined to be 7.3% and 4%, respectively. Three

nitrogen spinlocks of 15.9 Hz, 23.1 Hz, and 31.4 Hz with a CEST mixing time of 400 ms were



used for the 1D "N-CEST experiment at step sizes of 15 Hz, 22 Hz, and 30 Hz, respectively.

The nitrogen B, field inhomogeneity (6.7%) was determined experimentally.



Supplementary Figures
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Supplementary Figure S1. Examples of the oscillating HN*“-CEST profiles due to the short
CEST transfer time. The CEST profiles were collected using '*N-labeled protein G B1 domain *
> by monitoring the isolated tryptophan sidechain signal of W43 at the step size of 1 Hz, with
proton B, fields at 10 Hz (blue), 20 Hz (maroon) and 30 Hz (light green).
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Supplementary Figure S2. Decoupling sidebands in the HN**-CEST experiment. The locations
of decoupling sidebands at the 40 Hz spinlock field are marked by red arrows. Diminishing
decoupling sidebands are observed at lower spinlocks fields (30 Hz, 20 Hz and 10 Hz).
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Supplementary Figure S3. The HN™ -CEST experiment enables more robust extraction of the
exchange parameters, such as the excited state population pg, than the '’N-CEST experiment in
the situation of limited heteronuclear chemical shift difference between the ground and excited
states. The HNY“-CEST and 'N-CEST profiles were collected for the sidechain of the
disordered C-terminal tryptophan residue (W180) of FAAP20 UBZ, which folds around 144 of
ubiquitin in the FAAP20 UBZ-ubiquitin complex. Proton spinlock frequencies of 14.3 Hz
(black), 21.2 Hz (blue) and 28.9 Hz (red) were used for the HN“*-CEST experiment and
nitrogen spinlock frequencies of 15.9 Hz (black), 23.1 Hz (blue) and 31.4 Hz (red) were used for
the ""N-CEST experiment. The populations of the excited state (the FAAP20 UBZ-ubiquitin
complex) determined from UV measurements (experimental) and from HN*°-CEST and ""N-
CEST experiments are shown as bar graphs.



Supplementary Tables

Table S1. Fitting results of the HN**-CEST experiment (Rf = RY)

Residue | R“F (s") | RY'* (s') | Ao (ppm) kex (s™) pe (%) drift (ppm) x2
G47 8.36+0.01 15.9£1.0 1.710+0.003 319+18 4.440.1 -0.0019+0.0002 0.43
K48 5.52+0.01 11.4+0.9 -0.21240.004 361424 4.240.1 -0.0027+0.0002 0.58
Q49 8.09+0.01 12.840.8 -0.49440.003 342+14 4.740.1 -0.0026+0.0002 0.70
V70 7.93£0.01 18.1+0.6 0.224+0.002 298+13 4.520.1 -0.0016+0.0002 0.26
L71 6.79£0.01 9.8+0.8 0.285+0.003 370£15 4.940.1 0.0022+0.0002 0.78

Mean 338430 4.510.3 0.5540.21

Global 34317 4.5210.04 0.54

Table S2. Fitting results of the HN-CEST experiment (separate Ry and RY)

Residue | R7F (s | RS s | RF ") | Ao(ppm) | ka(") | pe(%) | drift (ppm) x2
G47 8.36+0.01 18.842.0 96144 1.708+£0.003 | 239+£51 4.740.2 | -0.00204+0.0002 0.43
K48 5.52+0.01 11.5+0.9 32436 -0.20940.007 | 347+38 4.3£0.3 | -0.0027+0.0003 0.59
Q49 8.09+0.01 12.8+1.1 13134 -0.494+0.004 | 342429 | 4.720.2 | -0.0026+0.0002 0.71
V70 7.9240.01 18.4+0.6 50+20 0.220+£0.004 | 272421 4.7+0.2 | -0.0017+0.0002 0.26
L71 6.7940.01 9.840.9 10428 0.285+0.004 | 370+£26 | 4.9+0.2 | 0.0022+0.0002 0.78

Mean 314£56 4.7+0.2 0.55+0.21
Table S3. Fitting parameters of the "N-CEST experiment (RS = RY)

Residue | R ") | RY? ") | Aw (ppm) kex (s™) pe (%) drift (ppm) x2
G47 2.915+0.002 7.1£0.4 1.9840.01 33048 4.9540.07 0.014+0.005 0.31
K48 2.299+40.003 9.0£0.6 -2.7940.01 338410 4.74+0.07 0.015+0.007 1.07
Q49 2.762+0.002 7.3£0.5 -3.64£0.01 33247 4.8240.05 -0.012+0.006 0.93
V70 2.198+0.001 8.310.3 2.2940.01 36416 4.8040.05 0.005+0.004 0.37
L71 2.14440.001 6.310.3 3.07+0.01 345+4 4.93+0.03 0.005+0.003 0.41

Mean 342+14 4.840.1 0.6210.35
Global 34243 4.8410.02 0.62
Table S4. Fitting results of the BN-CEST experiment (separate R; and RY)

Residue | R“ (s | RY ") | RY (5" | Ao (ppm) | ku(s™) pe (%) drift (ppm) %2
G47 2.91440.002 | 7.0+0.4 20+8 1.96+0.02 | 318+11 | 5.06+0.10 | 0.015+0.005 0.30
K48 2.298+0.003 | 9.1+0.6 16£13 -2.77£0.02 | 331+£15 | 4.7840.09 | 0.016+0.007 1.07
Q49 2.762+0.003 | 7.3+0.5 7+12 -3.64+£0.02 | 332+13 | 4.82+0.07 | -0.012+0.006 0.93
V70 2.197£0.001 | 8.440.3 3247 2.2540.01 34149 | 4.9610.07 0.006+0.004 0.36
L71 2.144+0.001 | 6.3+0.3 616 3.0710.01 34547 | 4.93+0.04 0.00540.003 0.41

Mean 333+11 4.910.1 0.611+0.36




Table S5. Fitting results of the '"HN**-CEST and '"N-CEST experiment ( Ry =R{) for the

C-terminal tryptophan sidechain of FAAP20 UBZ in the presence of 4.66% ubiquitin

Data Type RE (Y | RY (" | Ao(ppm) | k(") | pe(%) | drift(ppm) | x2
HNY-CEST 2.134+0.007 3.440.6 0.4514+0.002 279+10 4.7+0.1 -0.006+0.000 0.77
I5SN-CEST 1.31620.003 1.740.3 -0.699+0.024 282428 3.510.4 0.0254+0.003 1.15
Sample 4.66
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