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Supporting Methods

CLEANEX experiment

The water exchange rates of backbone amide protons were measured using the phase-modulated
CLEAN chemical exchange (CLEANEX-PM) pulse sequence (1). The experiments were performed at
299.6 K on a [*H,'*N]-labeled p-DUBA sample at 420 uM in a buffer containing 50 mM sodium phosphate,
pH 7.02, 100 mM NaCl and 2 mM TCEP. A series of 2D spectra with transfer periods of 5, 10, 15, 20, 25,
30, 40 and 50 ms and a reference spectrum were acquired. The spin-locking field during the CLEANEX
period was 6.3 kHz. Each 2D spectrum was acquired with 1024 ("H) x 180 ("’N) complex points and an
interscan delay of 2 s. With 36 scans per FID, the total measurement time was approximately 62 h for the
complete set. The reference spectrum was acquired with 8 scans. The exchange rate constant (k) was derived
from fitting data to the equation below or a linear model when the build-up curves are in the initial rate
regime:

I k
E = (RlA'app n X _RlB,app) X {exp(—RlB,apme) — exp[—(RlA,app + k)Tm]}

where k is the rate constant; T is the mixing time; R4, is the apparent relaxation rate of the amide 'H
during the mixing period. Rz, is the apparent solvent relaxation rate that was measured by a separate
experiment using the same pulse sequence without water suppression, from which the water decay rate
during the CLEANEX period was calculated. The value of Ry, was determined to be 0.6 s™' and the
degree of water saturation was determined to be 79% according to the previously described methods (1).
The exchange rates for amide protons were corrected by dividing the &k by 0.79 due to this effect.

>N transverse relaxation experiment
5N transverse relaxation rates (R,) were measured on [*H,'°*N]-labeled wild-type p-DUBA at 500
puM and np-DUBA at 575 puM and 297.6 K in the NMR buffer. The experiments were performed using a
modified version of a TROSY-detected pulse sequence (2) . The water magnetization was dephased at the
beginning of the '°N relaxation period. The data were acquired using 16 scans for each FID and a recycle
delay of 1.5 s in an interleaved fashion. "H and '*N 90° pulse widths were 10.4 ps and 29.3 ps, respectively,
at full power levels. During the R, relaxation period, the '°N ©t pulses were applied every 1.25 ms at the
full power level. R, values were determined using relaxation delays of 10, 30, 50 and 70 ms. 1024 (‘H) x
260 (**N) complex points were recorded for each spectrum with the spectral widths of 11574 Hz in t, ('H)
dimension and 2695 Hz in t; (°N) dimension, respectively.
The "N transverse relaxation rates were determined by fitting the data to the equation:
I(t) = I, e Rt
where [y is the cross-peak intensity at the zero relaxation delay and /() is the intensity at time z.

pH titration experiments
The experiments were carried out on samples of °’N-labeled p-DUBA using buffers containing

50 mM HEPES, 100 mM NaCl and 2 mM TCEP. 1 mM imidazole and 1 mM Tris were added to the
samples as internal pH indicators (3). The samples were dialyzed against the buffers at the desired pH
values. The sample concentrations were 460-750 uM. Phosphorus 1D experiments were performed at 299.6
K on a Varian Inova-500 MHz spectrometer equipped with a room temperature BBI probe. 17600 scans
were recorded for each spectrum with an interscan delay of 2 s. WALTZ16 'H decoupling centered at 4.3
ppm was applied during the acquisition period. The spectra were indirectly referenced with DSS using the
ratio 0.404807210 (4).

"H-"N TROSY experiments were performed on the same set of samples at 299.6 K. Each TROSY
spectrum was acquired with 1024 ("H) x 260 (**N) complex points and 8 scans per FID. *'P and 'H chemical
shifts of pS177 at various pH values were fit to the equation (5):



oD
Sobs = (Saeprot — 6D) + 1T 100Kap )

where Oobs is the observed chemical shift in ppm, Ouepro is the chemical shift of the deprotonated species,

and OD is the chemical shift difference between the protonated and deprotonated species. dD was set to
3.9 ppm for *'P and 0.64 ppm for 'H (6) to fit the titration curves.

>'N-NOESY-HSQC experiment

3D PN-NOESY-HSQC experiment was performed on "N-labeled p-DUBA at 500 uM in the
NMR buffer at 300 K. The data were acquired with a mixing time of 100 ms, 140 complex points in the t;
period ('"H), 48 complex points in the t> period (*°N), and 1024 complex points in the t; (‘H) period. 4 scans
were recorded for each FID with an interscan delay of 1 s, which results in a total acquisition time of 36 hr.
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Figure S1. The comparison of the active sites in the crystal structures of the p-DUBA in the free form
(carbon atoms in orange, PDB ID: 3PFY) and the p-DUBA covalently attached to ubiquitin-aldehyde

(carbon atoms in cyan, PDB ID: 3TMP). In the free form, the catalytic cysteine displays two conformers
with equal occupancy.
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Figure S2. 4, "N TROSY spectra of wild-type DUBA in phosphorylated (p-WT) and nonphosphorylated
(np-WT) forms, R272E/K273E mutant in phosphorylated (p-R272E/K273E) and nonphosphorylated (np-
R272E/K273E) forms, and S177E mutants of DUBA. The S177E mutant was '°N-labeled and all the other
forms of DUBA are [*H, '"N]-labeled. The data were acquired at 700 MHz 'H frequency and 300 K. B, the
combined chemical shift difference between the p-WT and the p-R272E/K273E mutant was calculated



2
using the equation Ady;rr = \/(A(Sfﬂv + %
<Adgire> + 15 (0.051 ppm) and indicated by the dashed line. Residues only detectable in the p-R272E/K273E
mutant but not in the wild-type are represented by blue bars. Adqisr for these residues was set to an arbitrary
value of 0.20 ppm. C, crystal structure of p-DUBA (PDB ID: 3TMP) with the residues showing combined
chemical shift differences higher than the threshold highlighted in red and residues only detectable in the
p-R272E/K273E mutant highlighted in green. The salt-bridge interactions of R272 and K273 with pS177
and other negatively charged residues nearby are highlighted with the stick representation.

) /2 (7). The threshold for significant differences was set at
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Figure S3. 4,"N transverse relaxation rates (R) measured on np-DUBA (red) and p-DUBA (blue), with
the open squares denoting the a conformer or the only conformer present, and the closed squares denoting
the b conformer. B, the expanded view of residues 174-192. Data were acquired at 700 MHz 'H frequency

and 297.6 K.
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Figure S4. A, fractional secondary structures (helix, strand and loop) of residues 174-192 in p-DUBA
predicted by TALOS-N (8). B, secondary chemical shifts of residues 174-192 in p-DUBA. Random coil
shifts of all unmodified amino acids were from TALOS-N; for pSer, the random coil shifts were from the
reference (9). The a conformer or the only conformer present is represented by open bars, and the b
conformer by solid bars. C, backbone order parameters, RCI (random coil index)-S?, of np-DUBA (red)
and p-DUBA (blue) predicted by TALOS-N (8,10). Open circles represent the a conformer or the only
conformer present, and the closed circles represent the b conformer. *C,, *Cj, *CO, '°N and 'Hy chemical
shifts were used to obtain predictions by TALOS-N.
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P o G174 28.1+0.7
020t Y1750 pS177b Y175 41402 [ 552+0.08 0.26
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010 > E178° 0.76 +0.02
D179 n.d.
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0.10 Al185 n.d.
005 o A186 1.48 £0.06
R187 2.28 £0.06 3.2+0.1 0.29
00 10 20 30 40 50 00 10 20 30 40 50 1188 1.18 +0.05 n.d.
7, (ms) E189 n.d. 1.7+0.2
A190 1.8 +0.2 22+0.2 0.18
M191 2.8+0.2 3.6+04 0.22
* kq and k; stand for the solvent exchange rates for the a and b
conformers, respectively.
Y The italic type denotes residues for which the data were fit using
a linear model rather than the full equation.
¢ Values were not determined due to peak overlap.

Figure S5. 4, representative build-up curves during the solvent exchange period from the CLEANEX
experiment. B, rates of solvent exchange (k) for residues before helix a2 in the tabular format.
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Figure S6. 4, the pH titration curves of p-DUBA determined from the amide 'H chemical shifts. The inset
shows peak movement of pS177 as the pH value increases, as indicated by the arrows. The pH values are,
6.55 (red), 6.69 (blue), 7.02 (green), 7.36 (magenta) and 7.84 (orange). B, the pH titration curve of p-DUBA
from the *'P chemical shifts. For the 1D *'P spectrum shown in the inset, an exponential apodization
function corresponding to 5 Hz line broadening was applied to the time domain data before the Fourier
transform. The a and b conformers are not well-resolved and were not analyzed separately. The titration
curve was constructed from the averaged chemical shifts of the a and b conformers when they are partially
resolved, or the chemical shift of the single peak observed.
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Figure S7. The p-DUBA crystal structure (PDB ID: 3TMP) with residues not visible in "N TROSY spectra
highlighted in blue. Helix a1l and the a.1-a2 loop (residues 172 — 193) are shown in cartoon representation
and the remaining residues (194 — 340) in surface presentation.
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Table S1. Secondary structure elements in crystal structures of the catalytic domain of DUBA

PDB ID: 3TMP (bound)* PDB ID: 3PFY (free)
secondary residue number secondary residue number
structure structure
al 178-188 al not visible
o2 194-211 o2 194-211
B1 214-216 B1 214-216
o3 224-234 o3 224-234
o4 237-253 od 237-253
o5 255-261 oS 255-258
b 266-273 b not visible
o7 282-291 o7 282-292
B2 296-299 B2 296-299
B3 312-314 B3 312-314
B4 325-330 B4 325-330
B5 334-339 B5 334-339

* In this structure, p-DUBA is conjugated to ubiquitin-aldehyde through the active site cysteine, C224.
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Table S2. 'H and "N chemical shifts of residues 174-192 in various forms of DUBA?

np-DUBA p-DUBA | np-R272E/K273E | p-R272E/K273E S177E

N HY N HY N HY N HY N HY
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
G174 | 109.0 | 835 | 109.6 | 846 | 109.1 | 836 | 109.5 | 845 |109.2 | 8.41

residue

Y175a 120.1 | 7.85

Y1756 120.6 | 7.97 1203 | 738 120.7 7.99 120.3 7.87 | 120.5 | 7.96
NI176 | 1219 | 845 | 1224 | 847 122.1 8.41 122.3 845 | 122.1 | 843
S177a 120.5 | 9.14

31776 117.1 | 8.20 1204 | 908 117.2 8.20 120.3 9.07 - -

E178 | 122.8 | 8.50 | 122.3 | 8.39 122.8 8.49 122.2 839 | 1223 | 840
D179 | 120.7 | 8.14 | 120.8 | 8.11 120.8 8.13 120.8 812 | 121.6 | 8.15
E180 | 121.6 | 8.15 | 121.7 | 8.19 122.0 8.18 121.9 8.18 | 121.6 | &.15

Y18la 121.7 | 8.09
Y131b 121.5 | 8.03 D151 807 121.5 8.03 121.4 8.06 | 121.6 | 8.09
E182a 122.5 | 8.23
E182b 122.6 | 8.19 1208 | 8.20 122.8 8.18 122.8 8.19 | 122.7 | 8.21

AlI83 | 1245 | 8.07 | 124.5 | 8.09 124.7 8.07 124.7 8.09 | 124.7 | 8.10
Al84 | 1225 | 7.97 | 122.5 | 8.01 122.6 7.98 122.5 801 | 122.6 | 8.00
AI85 | 1223 | 7.94 | 1223 | 7.96 122.5 7.93 122.4 7.96 | 1224 | 7.95
Al86 | 122.0 | 7.87 | 121.9 | 7.86 122.1 7.88 122.1 7.87 | 122.0 | 7.87
R187a 120.0 | 7.86

Rig7p | 1200 | 7.88 SoToo 1202 | 7.90 | 1201 | 7.90 | 120.1 | 7.88
ESSE 122.3 | 7.90 Bgi ;gg 1224 | 795 | 1223 | 7.93 | 1222 | 7.90
gsgg 1242 | 831 gj:i gig 1245 | 834 | 1244 | 834 | 1243 | 832
2}383 124.0 | 7.94 giz ;g; 1243 | 7.99 | 1243 | 799 | 124.1| 7.94
l\l\ﬁgis 119.9 | 7.95 Hgg ;:gg 119.9 | 7.99 | 1198 | 8.00 | 119.9 | 7.95

D192 | 124.0 | 828 | 124.1 | 8.29 124.1 8.26 124.0 826 | 124.1 | 8.29

? Chemical shifts were measured at 300 K. For both 'H and '°N nuclei, the chemical shifts of the TROSY
components are reported. The chemical shifts corresponding to the b conformer in p-DUBA and the only
conformer in p-R272E/K273E are highlighted in red for easy comparison.
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Table S3. The relative volumes of cross-peaks from the a conformer in p-DUBA®

residue relative peak volume (%) relative peak volume (%)
(Sample 1) (Sample 2)

S177a 50 49

E182a 56 58

R187a 58 59

1188a 65 65

E189a 69 73

A190a 63 64

M191a 63 63

*The volumes of cross-peaks corresponding to the a and b conformers were determined from two "N
TROSY spectra recorded on two independently prepared samples to ensure reproducibility. The relative
peak volume of the a conformer is represented as a percentage of the sum of the two conformers. Y175 and
Y181 display two conformers but were excluded from the analysis because the cross-peaks partially overlap
with other residues.
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Table S4. Ca, CB and C’ chemical shifts of residues 173-193 in p-DUBA?

residue Ca (ppm) CB (ppm) C’ (ppm)
Al173 52.19 18.21 177.88
G174 44.61 - 173.64
Y175a 56.92 38.44 174.96
Y175b 57.17 38.41 175.02
N176 52.36 38.97 175.28
S177a 58.89 65.08 175.18
S177b 58.82 65.04 175.01
E178 56.76 29.14 176.73
D179 54.55 40.70 176.93
E180 56.83 29.25 177.04
Y18la 58.76 37.68 176.78
Y181b 58.78 37.67 176.88
E182a 57.09 29.14 177.41
E182b 56.88 29.17 177.13
A183 53.03 17.94 178.81
Al84 52.98 17.94 178.78
A185 52.80 17.98 178.48
A186 52.57 18.04 178.50
R187a 56.44 29.66 177.07
R187b 56.22 29.71 176.91
1188a 61.34 37.47 177.04
1188b 61.21 37.53 176.91
E189a 56.53 29.14 176.32
E189b 56.40 29.20 176.26
A190a 51.83 18.53 177.56
A190b 51.85 18.31 177.50
M191a 55.00 32.85 175.58
M191b 54.94 32.82 175.59
D192 51.86 40.57 174.90
P193 64.38 31.26 178.28

* Chemical shifts were measured at 296 K and 700 MHz 'H frequency. Correction for deuterium isotope
shift was not applied.
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Table S5. 'H and "°N line widths of cross-peaks from residues 174-192 of p-DUBA in an "N TROSY
recorded at 299.6 K*

Residue” 'H line width® (Hz) "N line width! (Hz)
a conformer | b conformer a conformer | b conformer
G174 24 20
N176 23 15
S177 26 | 21 19 | 19
E178 13 10
E180 13 10
E182 15 | 14 11 | 14
A183 14 11
Al184 12 11
Al85 14 17
Al86 15 14
R187 13 16 10 11
1188 17 17 12 11
E189 13 12 11 12
A190 15 19 13 13
M191 17 21 13 14
D192 14 11

* Line widths that are significantly different between the a and b conformers are highlighted in red.
® Only residues yielding well-resolved cross-peaks are shown in the table.

¢ The digital resolution is 11.3 Hz for the 'H dimension.

4 The digital resolution is 10.6 Hz for the "*N dimension.
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