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Supplementary Information

Supplementary Figures

a

Figure S1. Ubiquitylation sites of FKBP12 and FABP4 examined. Each lysine residue
colored in red is reported to be a ubiquitylation site according to the PhosphoSite Plus database.
Each lysine residue was mutated to a cysteine residue to investigate the effect of ubiquitylation
on the fold stability of the respective protein. In the structure of FKBP12 (a), Lys36, Lys48, and
Lys53 are located in a short B-sheet, B-sheet, and loop, respectively. In the structure of FABP4
(b), Lys32, Lys80, and Lys121 are located in an a-helix, B-sheet, and loop, respectively. PDB
database accession codes: 2PPN for FKBP12 and 3RZY for FABP4.
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Figure S2. Examination of ubiquitylation-induced fold destabilization by chemical
denaturation. a, Series of fluorescence emission wavelengths (barycentric mean) of FKBP12
(filled circles) and N-terminally mono-ubiquitylated FKBP12 (open circles). The data were fitted
to a sigmoidal equation (See Methods): solid and dashed line, respectively. All samples were
diluted to a final substrate protein concentration of 2 uM in PBS buffer. Guanidine hydrochloride
(HCI) was used for the chemical protein denaturation. Data are representative of three
independent experiments. b, Comparative analysis of the chemical denaturation transition for
FKBP12 and N-terminally mono-ubiquitylated FKBP12. The transition for FKBP12 was 0.55 +
0.01 M and that for mono-ubiquitylated FKBP12 was 0.35 4+ 0.02 M. All values represent the
average of three independent experiments. Error bars indicate the standard error of the mean.

*#P < 0.01 (Student’s ¢ test).
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Figure S3. Temperature-induced red shift in the tryptophan fluorescence spectra of
N-terminally (poly-)ubiquitylated proteins. The averaged fluorescence wavelength at each
temperature was estimated by calculating the barycentric mean of the tryptophan fluorescence
emission spectrum. The temperature-dependent fluorescence emission wavelengths of substrate
proteins (filled circles), N-terminally (poly-)ubiquitylated substrate proteins (open circles) and
substrate proteins mixed with ubiquitin (open circles) were fitted to the sigmoidal equation in the
experimental section (FKBP12, a; FABP4, b). The profile for Ub-FKBP12 is shown in Figure 2b.

Data are representative of three independent experiments.
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Figure S4. Temperature-induced red shift in the tryptophan fluorescence spectra of

chemically ubiquitylated proteins. The averaged fluorescence wavelength at each temperature

was estimated by calculating the barycentric mean of the tryptophan fluorescence emission

spectrum. The temperature-dependent fluorescence emission wavelengths of substrate proteins

(filled circles) and chemically ubiquitylated substrate proteins (open circles) were fitted to the

sigmoidal equation in the experimental section (FKBP12, a; FABP4, b). The data point at 298K

for FKBP12 K36C contained unexpected experimental noise and was removed from the analysis

(a, top). Amino acid abbreviations are described in Figure 2d. Data are representative of three

independent experiments.
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Figure S5. Irreversible thermal unfolding of FKBP12 in Ubs-FKBP12. a, 'H-"N HMQC
spectra of non-heated (blue) and heated (up to 332K, red) Ubs-FKBP12. These spectra were
obtained by subtracting the HMQC spectrum of Ubs from each spectrum of Ubs-FKBP12. b,
Comparative analysis of the spectrum of non-heated Ubs-FKBP12 (blue) with that of non-heated

FKBP12 (black). The region enclosed with dashed lines contains artificial signals arising from

subtraction of the spectra.
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Figure S6. Ubiquitylation has little effect on the ground state structure of substrate

proteins. Chemical shift perturbation due to chemical ubiquitylation of FKBP12 (a) and FABP4

(b), as obtained from the equation 8y, = [8un" + (Bx / 5)* 1> where Sun and Sy are the 'H and °N

chemical shift changes between non-ubiquitylated and ubiquitylated proteins. Chemical shifts

were obtained from the HSQC spectrum recorded for each 500 uM protein at 298 K.
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Figure S7. Relaxation times and hetero-nuclear NOE values of (non-)ubiquitylated proteins.
Comparative analysis of N Ty, T, relaxation times, and 'H-""N hetero-nuclear NOE values of
non-ubiquitylated and ubiquitylated FKBP12 (a) or FABP4 (b). Parameters were obtained from
analysis of the NMR spectrum of 500 uM (non-)ubiquitylated FKBP12 or 350 uM
(non-)ubiquitylated FABP4 at 298 K. Amino acid substitutions are described in Figure 2d.
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Figure S8. Spectral density functions at three different frequencies of (non-)ubiquitylated

proteins. a, Comparative analysis of the J(®) values for FKBP12 (black) and chemically
ubiquitylated FKBP12 (green). b, Comparative analysis of the J(®) values for FABP4 (black)

and chemically ubiquitylated FABP4 (blue). Dashed lines indicate the average of the respective

J(®) values. Amino acid substitutions are described in Figure 2d.
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Figure S9. Relaxation dispersion analysis for ubiquitylated FKBP12. a, °N relaxation
dispersion profiles for FKBP12 K53C (black) and chemically ubiquitylated FKBP12 via C53
(red). °N R, relaxation rates were measured by the Carr-Purcell-Meiboom-Gill (CPMG) pulse

sequence’. The effective R, relaxation rate at a particular delay zcp was obtained from the

equation: R;ff(rcp) = Tl In I(TCP)

, in which zcp is a delay between two 180° pulses in the
CPMG ]0

CPMG pulse sequence, Tcpmc 1s a fixed relaxation time, /(zcp) is peak intensity at a delay zcp,
and /, is the peak intensity in the reference spectrum. Respective data were globally fitted to the
Luz and Meiboom equation®. The obtained exchange rate for FKBP12 was 5300 + 300 s and
that for ubiquitylated FKBP12 K53C was 3200 + 200 s™'. Global fitting was performed using the
program GLOVE'. Errors were calculated by the Monte Carlo method’. b, Mapping of the
residues with "°N relaxation dispersion for both (non-)ubiquitylated FKBP12 onto the structure

of FKBP12 (PDB database accession code: 2PPN).

Morimoto D., et al., Page 10



a Lys10 5. val2 5 val9t -, Valod 50 Arg107

5
40| 40| 40| 40| 40|
o 30) o 30 o 39 30 o 3|
5 5 5 s 5,
' 20f o 20&_‘_'; o' 20 ' 20 = 20p,
T P PUURI— '
P e~ |10 10 10 1o S
0 0 0 0 0
0 500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000 O 500 1000 1500 2000 500 1000 1500 2000
1T, /st g,/ s? 11,/ s? /s g, /st
5 Glu110 o Leulld 5o Jyr129
40 40| 40|
© 30 © 39 @ 39
" 20f P o 20f,
e | g 110
0 0 0
0 500 1000 1500 2000 500 1000 1500 2000 0 500 1000 1500 2000
g, /st g, /st g, /8"
b 5 Ala34 5 Gly35 50 Met36 -, Alad7 -, ed2
40 40 40| 40| 40|
A
b 30 2 30 N, 2 30 2 30 2 30
N N 5. 3. 5. i
0t o 20 2 = 29 i =2 mZOM—.—.—»—
e N
10 10 10 10 10
0 0 0 0 0
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
g /s g /s g, /s g, /s 11, /s
5 lle52 s Lys53 5 Ser56 5 Phes8 50 LYS59
40 40 40| 40 40
X © a9 2 39 2 30 £ 30
5 5 5. R 3o 3
S | ENZOM S 20\‘\-“.‘.%,7\.- « 20’7\“«‘_"_._'7 0]
1P mL 10 = 1Y} | NSNS T A\ em———
0 0
005067000 7500 2000 ‘0 500 7000 7500 2000 0500 1000 7500 000 500 1000 1500 2000 500 1000 1500 2000
g, /s" g, /s" 1, /s’ g, /s g, /87
5o Thré1 5 1163 ., Phe65
40 40 40|
2 30 2 3 2 30
s 5 s
© 20 < zo.&\ﬁ « 20%5.,\71**_*_‘_"_
i — AN —
o) 0 . 0
0 500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000
1t /st g, /st g, /8"
Gly35
C N A\ Phess
,\ Ser56

Lys83| “\SWarg107
1842
ids2y,/

\l Tyr12 v’
| Phe65 (
v K = X

pe ‘\/;' o/ Va2

‘6‘//‘/\~\/LS59‘77 \ Lys10
P —— ; N
/.

-y,

Figure S10. Relaxation dispersion analysis for ubiquitylated FABP4. "°N relaxation
dispersion profiles for FABP4 K121C (black) and chemically ubiquitylated FABP4 via C121

(red). °N R, relaxation rates were measured by the Carr-Purcell-Meiboom-Gill (CPMG) pulse

sequence’. The effective R, relaxation rate at a particular delay zcp was calculated as Figure S10.

Respective data were globally fitted to the Carver and Richards equation®. FABP4 is suggested
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to possess multiple structural motions’: the two main motions of them are the motion related
with the ligand binding in the cavity (a) and the motion for ligand entry on the portal region (b).
Therefore, the data were divided into the two clusters (a and b) and analyzed differently. The
obtained exchange rates for FABP4 K121C were 272 + 4 s (a) and 344 + 4 s (b). The
populations of the minor states for FABP4 K121C were 8.7 £ 0.2 % (a) and 10.6 = 0.2 % (b). On
the other hand, the exchange rates for ubiquitylated FABP4 were 317 £2s™' (a) and 715+ 36 5™
(b). The populations of the minor states for ubiquitylated FABP4 were 5.1 + 0.4 % (a) and 4.6 +
0.3 % (b). Global fitting was performed using the program GLOVE’. Errors were calculated by
the Monte Carlo method’. ¢, Mapping of the residues with '°N relaxation dispersion for both
(non-)ubiquitylated FABP4 onto the structure of FABP4 (PDB database accession code: 3RZY).

The ubiquitylation site is indicated.
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Axially-symmetric tumbling Axially-symmetric tumbling

Figure S11. Ubiquitylation-induced changes in the rotational diffusion tensor. The rotational
diffusion tensor of non-ubiquitylated (upper) and ubiquitylated (lower) of FKBP12 (a) and
FABP4 (b) calculated from the '’N T}, T5 relaxation times, and 'H-""N hetero-nuclear NOE
values using the program ROTDIF'’. The data of ubiquitylated FKBP12 and (non-)ubiquitylated
FABP4 were fitted to the axially-symmetric model. The data of FKBP12 were fitted to the
isotropic model. The red cylinders indicate individual perpendicular components of the rotational

diffusion tensor (D | ) and the blue one indicates the parallel component of the rotational

diffusion tensor (Dj). Each tensor parameter is shown in Table S1. PDB database accession

codes: 2PPN and 3RZY.
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Figure S12. Fold destabilization of a multi-domain protein by ubiquitylation. a, Schematic
diagram of calmodulin (CaM) ubiquitylated at Lys22. According to the PhosphoSite Plus
database, CaM is ubiquitylated at Lys14, Lys22, Lys31, Lys76, Lys78, Lys95, and Lys149 in
vivo. The effect of ubiquitylation at Lys22, located in a loop between two a-helices, on fold
stability was investigated. PDB database accession codes: 1CFD'. b, Mutations of CaM
introduced for tryptophan fluorescence analysis. Because CaM has no tryptophan residue, the
CaM K22C mutant had two additional mutations, F20W and F93W, which have been previously
established for fluorescence experiments”™. Because the CaM mutant was purified using EGTA

as reported previously®, it adopts the Ca®'-free conformation comprising two domains'. ¢ and e,
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Series of fluorescence emission wavelengths (barycentric mean) of CaM (filled circles) and
chemically ubiquitylated CaM (open circles). The data were fitted to the sigmoidal equation
(solid and dashed line, respectively). All samples were diluted to a final substrate protein
concentration of 20 uM in PBS buffer. The proteins were thermally denatured (¢) and guanidine
hydrochloride (HCI) was used for the chemical protein denaturation (e). Data are representative
of three independent experiments. d and f, Comparative analysis of the thermal and chemical
denaturation transition for CaM and CaM ubiquitylated at Lys22. The transitions for CaM were
337.1 £ 0.2 K (d) and 1.78 + 0.00 M (f); those for ubiquitylated CaM were 332.5 £ 0.2 K (d) and
1.61 £0.01 M (f). ss indicates the disulfide bridge. All values represent the average of three
independent experiments. Error bars indicate the standard error of the mean. ***P < 0.001

(Student’s ¢ test).
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Supplementary Table

Table S1. Rotational diffusion tensor parameters for ubiquitylated proteins.

Protein D, /10"s'  D;/10s" al® pr° 7./ ns ¢
FKBP12 239+£0.00 2.39+0.00 - - 6.96 + 0.01 -
Ubiquitylated
1.40+0.01 0.84+0.01 47+2 147+2 13.75+0.04 0.60+0.01
FKBP12
FABP4 230+0.01 1.54+0.01 34+1 150+1 8.15+£0.01 0.67+0.01
Ubiquitylated
1.21+0.01 1.56+0.01 89+4 146+1 12.53+0.02 1.29+0.02
FABP4

D |, Dy are the perpendicular, parallel components of the rotational diffusion tensor; a, § are

Euler angles; 7. is the overall correlation time; and { is the anisotropy.

Errors were estimated by the Monte Carlo method.
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