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Supplementary Table S1. Structural comparison of crystal structures of UCH-L5

Pair-wise positional root-mean-squared deviations (RMSD) in A of backbone Ca
atoms of reported human UCH-L5 catalytic domains. The PDB entries are indicated
with their respective references. The results were calculated using PyMol using
default setting. 3IHR, 3A7S and 3RII correspond to apo-forms. 3TB3 has six-residue
truncation in the cross-over loop. 4UEL corresponds to full-length UCH-L5 in
complex with Rpn13 and ubiquitin. 4UEM and 4UF5 corresponds to full-length
UCH-L5 in complex with Rpn13 and INO8O, respectively.



Supplementary Table S2. Enzyme kinetics parameters of UCH variants using UbAMC as
substrate

Protein keat (s1)  Km (mM) Keat/Km Reference
106 (M-1s1)
UCH-L1 0.010 0.034 0.31 6
0.020 0.040 0.50 7
0.035 0.047 0.74 8
0.174 0.120 1.45 9
0.033 0.170 0.19 This study
UCH-L3 8.1 0.039 208 10
18.6 0.077 242 8
9.1 0.05 182 1
21.7 0.088 245 This study
UCH-L5n240 33.7 21.49 1.57 8
5.5 3.73 1.47 This study




Supplementary Table S3. Thermodynamic parameters of ubiquitin binding to UCH-L1
and -L3 at different temperatures

Protein Temp (°C) n AH (kcal mol1) AS (cal mol1 K1) Kp(mM)

UCH-L1 20 1.05+0.02 -2.35+0.10 23.5 0.13
25 1.07+0.01 -4.75+0.09 14.4 0.23
30 1.15+0.005 -7.05+0.04 6.76 0.28
37 1.15+0.007 -10.29+0.09 -3.82 0.38

UCH-L3 20 0.71+£0.007 -8.00+0.01 2.8 0.27
25 1.06+0.009 -10.88+0.01 -8.0 0.61
30 1.05+0.02 -13.63%0.03 -17.4 0.94
37 1.00+0.02 -16.61+0.04 -26.8 1.44




Supplementary Table S4. Thermodynamic parameters of thermal unfolding of UCHs variants monitored by far-UV CD spectroscopy

Protein Tm (2C) AHy, (kcal mol-1) ASn (cal mol-1K1) AC, (kcal mol-1K1)
Ubiquitin Ubiquitin Ubiquitin Ubiquitin
- + AT - + AAH, - + AASn - + AAC,
UCH-L1 57.740.1 59.9+0.1 2.2+0.1 128.2+3.7 139.5#4.4  2.3x1.4  2222x65 2328x74 112+#58 -1.02+2.40 -1.08+3.07 -0.05+3.90

UCH-L3 62.2+0.1 63.1x0.1 0.9%0.2 81.2+2.4 75228  -09+1.4 1304+38 119245 -106+98
UCH-L5n240 58.9+0.4 58.4+0.4 -0.5+0.5 113.5#20.5 121.84#21.5 8.3#29.6 19284350 2085+369 157+508

-1.17+0.90 -1.09%£0.99 -0.08+1.34
4.41+48.70 597+797 0.16+x11.8




Cross-over loop

UCH-L1 149 EGQCR-—-—--—- VDDKVN 159
UCH-L3 154 EGQTEA---PSIDEKVD 167
UCH-L5 146 QOMFEFDTKTSAKEEDA 162

Supplementary Figure S1. Structural alignment of UCH-L1, -L3 and -L5n240. The
crystal structures of apo UCH-L1 (PDB entry: 2ETL), -L3 (PDB entry: 1UCH) and -
L5nz40 (PDB entry: 3RII) are superimposed and coloured in salmon, pale green and
light green, respectively. The cross-over loop and flanking residues of UCH-L1 and -
L5nz40 are coloured in red and blue, respectively, while those of UCH-L3 were not
resolved in the crystal structure due to intrinsic disorder. Sequence alignment of
the cross-over loops of the three UCHs are shown below.
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Ubiquitin

3IHR HNSFA-————————————m AFHF
3A7S HNSFAR-—-————————————— AFHF
3RII HNSFARQ--———————— AKEEDAFHF
3TBT HNSFAR----- XXX XXX~ mmmm AFHF
AUEL HNSFARQQMFEFDT-----— EDAFHF
4UEM HNSFARQQMFE-———————— EDAFHF
4UF5 HNSFARQQ--—————————— EDAFHF

Supplementary Figure S2. Conformational plasticity of UCH-L5. Superposition of
seven reported crystal structures of the UCH domain of UCH-L5 shown in white
cartoon representations with the cross-over loop (residues 140-165) shown in gold.
Dashed line indicates the structural disorder of the cross-over loop leading to
unresolved electron density as indicated in dash symbols in the sequence alignment
(right panel). 3TBT contains six-residue deletion in the cross-over loop as indicated
in crosses. Ubiquitin in complex with UCH-L5 (PDB entry: 4UEL) is shown in
surface representation. The secondary structure elements are labelled in the same
nomenclature as shown in Figure 1. In addition to the structural variability in the
cross-over loop, a-helix 7 that is in contact with ubiquitin also exhibit abundant
structural plasticity in the crystal structures of different states of UCH-L5.
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Supplementary Figure S3. Amplitude analysis of interrupted refolding experiments.
7.7 M urea-denatured UCH-L5nz40 was first mixed with five-fold refolding buffer
containing 0.86 M urea and incubated for different delay times to allow refolding,
before the second mixing step with equal volume of unfolding buffer containing 8 M
urea. The resulting kinetic traces were globally fit to a double-exponential function
with shared reaction rates of 26.3 and 1.4 s, which correspond to the fastest
(green) and second fastest phases (blue), respectively (Figure 3). The associated
amplitudes of the two kinetic phases as a function of delay time were fit to a
sequential three-state reaction scheme by KinSim. The resulting microscopic
forward and reverse reaction rates are indicated next to the fitting results shown in
solid lines. Right panel shows the expanded region of the same plot as in the left
panel.
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Supplementary Figure S4. Kinetic analysis of urea-induced unfolding of UCH-L5nz240
by far-UV CD spectroscopy. (A) Kinetic trace recorded in the presence of 4.25 M
urea, fit to a double-exponential function as indicated by a solid black line. The
residual plots of data fitting to a single- and a double-exponential function are
shown in insets. (B) Overview of the kinetic traces recorded after 1:10 manual
mixing with native protein with unfolding buffer of different urea concentrations as
indicated in the upper right corner. (C) Amplitudes associated with the phases 1
(A1) and 2 (Az) observed by stopped-flow fluorescence measurements (Figure 3A).
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Supplementary Figure S5. 15N-1H HSQC of UCH-L5nz40 recorded at 25 °C, 14.1 Tesla.
The horizontal and vertical axes correspond to the 'H and 15N chemical shifts,
respectively.
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Supplementary Figure S6. 1°N spin relaxation analysis of UCH-L5yz40. An overall
rotational correlation time t. of 11.83 + 0.02 ns was used to derive the order
parameters of individual residues using an isotropic model by TENSORZ.
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Supplementary Figure 7. Thermodynamic parameters of ubiquitin binding to UCH-
L1 and -L3 at different temperatures. Four independent ITC experiments were
carried out at 20, 25, 30 and 37 °C. The associated enthalpy (AH), entropy (-TAS)

and free energy AG are shown in blue, red and green bars, respectively.
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Supplementary Figure S8. Global fitting of ITC data of ubiquitin titration into UCH-
L1 (left) and UCH-L3 (right). The titrations were carried out at 20 (purple),
25(blue), 30 (cyan) and 37 (green) °C. The errors of individual titration points the
resulting ITC data were analysed using NITPIC!? individually and subsequently
exported to Sedphat!3 for global fitting using an one-site binding model with an
assumption of an 1:1 stoichiometry (n=1) to extract the associated
thermodynamics parameters.
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Supplementary Figure S9. Fraction of unfolded UCH-L1, -L3 and -L5n240 monitored
by far-UV CD spectroscopy. For UCH-L1 and -L3, the CD signals at 222 nm were
used; for UCH-L5n240, the CD signals at 215 nm were used. To evaluate the effect of
ubiquitin binding to the thermal stability of UCH variants, 1.2 molar equivalent of
ubiquitin was added for independent measurements.
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Supplementary Figure S10. Ubiquitin binding to UCH-L5n240 monitored by
heteronuclear NMR spectroscopy. The binding was monitored at backbone and
side-chain level using 1°N-'H SOFAST-HMQC (Left) and 13C-'H HSQC (Left)
spectroscopy. The spectra of UCH-L5nz40 without and with 1.5 equivalent of
unlabelled ubiquitin are shown in black and red, respectively. Most of the affected
correlations showed significant line-broadening with marginal chemical shift
changes, indicative of intermediate exchange processes on the timescale between
us and ms.
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