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1. Synthesis of the Fluorescein thiol (Fluor-SH)
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Before reaction started After reaction completed
(mP) (mP)
ST 150 30
MT 135 30
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Figure S1. Preparation of the model system (A) pPARKIN migrates slower in a Phos-tag
gel (Wako Industries, Richmond, VA), indicating phosphorylation, only when treated
with TcPINK1 and ATP together. (B) Purified pPARKIN was digested by trypsin and
analyzed for phosphorylation sites. We identified Ser® as well as nonspecific
phosphorylation at Ser'*® and Ser'' (C) Analysis of purified UbMES (described in
Methods) using ESI-MS analysis. (D) Amino acid sequence of the PARKIN substrate MiroS
used in this study, which is a truncated construct of Mirol (177-592 with C-terminal
6xHis tag, 51.6 kDa). (E) Top, bar diagrams showing the PARKIN constructs used in this
report. Bottom, structure of rat PARKIN structure (PDB ID #4K95)6 showing activating
and inhibitory PARKIN mutations used in this study. Domains are colored as in the bar
diagram above and as in the same report®. Mutated residues are shown in spacefill and
zinc ions are shown as grey spheres. The putative pUb-binding region is based on the
structure of pUb-PARKIN from a recent report’.



(A) Lys'°3 of Miro1 is ubiquitinated
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(B) Lys>72 of Miro1 is ubiquitinated
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(C) Lys330 of Miro1 is ubiquitinated
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Figure S2. MS/MS analysis of Miro1l ubiquitination sites by pPARKIN under Bys and
native reaction. Full length Mirol was ubiquitinated minimally by using a small amount
of ubiquitin in both ByS and native reactions. For the ByS reaction, 1 uM MiroS, 5 uM of
UbMES and 1 uM of pPARKIN were used. For the native reaction, 5 uM of ubiquitin
along with 0.1 uM of E1, 1 uM of UbcH7 and 1 uM of pPARKIN were used. After 1 hour,
the reactions were stopped, trypsinized and analyzed by MS/MS as described in the
Methods section. The same lysines were ubiquitinated by pPARKIN under both reaction
conditions: Lys*** (A), Lys>’? (B) and Lys**° (C).
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Figure S3. ESI-MS analysis of UbFluor Purified UbFluor was analyzed by ESI-MS analysis.
The calculated mass of 9012.99 Da was the average molecular weight of the chemical
formula.
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Figure S4. Cysteamine cleavage of UbFluor The experiment shown in Figure 3B was
repeated using cysteamine in place of beta-mercaptoethanol (BME). Figure 3B shows
that BME-released fluorescein thiol migrated slower than pPARKIN-released fluorescein
thiol (Figure 3B, lane 2). This slower migration was not observed when cysteamine was
used as a nucleophile, suggesting that the slow migration effect is BME-specific.
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Figure S5. Fluorescence intensity quantification of Figure 3C. The UbFluor and free
fluorescein thiol (Fluor-SH) band intensities at each time point were quantified using
Image) and plotted vs. time. Error bars indicate standard error of the mean for 3
measurements.



(A) (B)

06 051 1 PPARKIN 1 uM
S 05 -z:... 0 uM ”2;0.50
=2 04 gg9.'%... °1uM| Z0.49
5 TL eouM!l &
S 039 = . 'i..,.“. 3“ So.4s8
50271 "Reete, M 047
S 01 "Rgenseieees | M| D g4 { v=-0003x+04982¢ ¢
0 EEE"aNRgAay m5 M 0.45 R2=0.7137
0 15 30 45 60 75 90 0123456738910
Time (min) Time (min)
C D
(C) pPARKIN 2 uM (D) pPARKIN 3 uM
0.50 H . 0.52 -
—~ L 2 —~~
S < y =-0.0067x + 0.4962 = 05 - o Y =-0.0129x + 0.5021
3 049 1 R? = 0.83992 = +R2=0.90795
- « 0.48 A
S 0.48 S
% E 0.46 A
0.47 - i
=) . D 0.44 3
046 T T T T T 1 042 T T T T T 1
O 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (min) Time (min)
(E0)_51 _ pPARKIN 4 uyM (Fo)53 _ pPARKIN 5 uM
= S _ = ¢ y=-0.0216x + 0.5038
§0-49 oV =-0.0166x + 0.4998 % 05 A R = 0.96082
2047 - R? = 0.96875 =2
- N « 047 A
© 0.45 1 S
= = 0.44 A
% 0.43 - %
D 0.41 1 D 0.41 A
0.39 T T T T T ] 0.38 T T
O 1 2 3 4 5 6 o 1 3

2 4
Time (min) Time (min



Figure S6. Data processing examples (A) The FP values shown in Figure 3 were
converted to UbFluor concentrations as described in the methods section. 150 mP
represents the starting UbFluor concentration of 0.5 uM while 30 mP represents
complete consumption of UbFluor (O uM). Standard errors of the mean for 3 separate
measurements were determined, but are too small to see in the plot. The initial rates at
0 - 5 uM pPARKIN were determined as shown here. For 2, 3, 4 and 5 uM pPARKIN, a
linear fit of the first 5 minutes of the reaction gave the initial rates. For 1 uM pPARKIN,
the first 10 min were used due to the slower consumption of UbFluor. The data shown
are representative of 3 replicate measurements. (B). These initial rates were plotted vs.
pPARKIN concentration in Figure 3F.
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Figure S7. ESI-MS analysis of pUb Ubiquitin was phosphorylated using TcPINK1 and
purified as described in Methods and analyzed by ESI-MS. The calculated mass of
8642.77 Da is the average molecular weight of the chemical formula.



A B
(A) o5 ST B) 5006 - ST
0.45 l
~ 04 1% 0.005 A I
= -
3 035 £ 0004
— 0.3 £ .
S 0.25 - = 0.003 - i
i 3
w 0.2 A
S 0.15 { | oPARKIN 0.002 A
011 | cpaRKIN+pUb 0.001 1
0.05 A
0 T T T T T O T 1
0 25 50 75 100 125 PARKIN PARKIN+pUb

Time (min)

Figure S8. pUb moderately activates the catalytic site of PARKIN (A) UbFluor
consumption was measured under ST conditions (5 uM PARKIN and 0.5 uM UbFluor) for
PARKIN with or without 25 uM pUb. The activity difference between PARKIN and
PARKIN + pUb becomes more obvious as reaction time is extended. Error bars indicate
standard errors of the mean for three independent measurements. (B) The initial rate of
UbFluor consumption was obtained for the two conditions as described in Figure S7.
Error bars indicate standard errors of the mean for three replicate measurements.
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Figure S9. pUb titration to 40 uM. pPARKIN was titrated with pUb to 40 uM under ST
(A) or MT (B) conditions. The maximal rates measured at 40 uM pUb are similar to the
maximal rates obtained by addition of 25 uM pUb as shown in the text. Each titration
was repeated twice and all data are shown. Solid lines join the rates determined from
one titration experiment, while dashed lines join rates determined from a second

titration.
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Figure S10. UbFluor is stable in the presence of up to 100 mM lysine. The figure shown
is the same as Figure 4E-F with the consumption rate of UbFluor (y-axis) on a different
scale to demonstrate stability of UbFluor. Lysine titrations were performed under both
ST conditions (A); 0.5 uM UbFluor, and MT conditions (B); 20 uM UbFluor. Each titration
was repeated twice and all data are shown. Solid lines join the rates determined from
one titration experiment, while dashed lines join rates determined from the second
titration.
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Figure S11. Comparison of MiroS and pUb for pPARKIN activation. The efficiency of
pPARKIN for (A-C) UbcH7~FUb discharge, corresponding to transthiolation activity, and
(D-F) total ubiquitin ligation turnover were analyzed by SDS-PAGE and fluorescent gel
scanning. (A) The thioester conjugate of UbcH7 and fluorescent ubiquitin (UbcH7~FUb,
0.5 uM, final) was prepared and chased as described in the methods section by adding
chase buffer components and excess pPARKIN. Reactions were incubated on ice for 5
seconds before quenching with non-reducing Laemmli buffer. The fluorescence intensity
of (B) upper, ~55 kDa bands (pPARKIN-FUb and MiroS-FUb) and (C) lower, ~25 kDa
bands (remaining UbcH7~FUb) were quantified. (D) The E2~Ub charging reaction
composed of E1 (0.5 uM), UbcH7 (2 uM) and FUb (15 uM) was started by adding ATP (2
mM) for 20 minutes at room temperature. To the reaction, pPARKIN and indicated
components were added. This was to minimize the effect of pUb~E2 formation that is
inefficiently discharged by pPARKIN.2 The reaction was incubated for 1 minute at room
temperature before quenching with reducing Laemmli buffer. The fluorescence intensity
of (E) bands above 10 kDa (conjugated FUb) and (F) bands below 10 kDa (remaining
FUb) were quantified. Error bars in both (C) and (F) indicate standard error of the mean
for 3 measurements.



(A) Initial Rates

AUDI

AUbI AUbI
A398T AUPD

WA403A

AUbI

F463Y

ST

y =-0.025749x + 0.906362

S o8 *1.0uM
E = 0.020590x + 0.661325
£ =]
‘g y =-0.013050x & 0.d3s5a8 | 070 UM
i 04 0.5uM
s R _y,=-0.006160x + 0.214630
= s %0.25 uM
0
0 1 2 3 4 5 6
min
0.8
o O
% 0.6 =-0.191788x + 0.665655 | * 1.0 UM
~ 05
5 0.4 748x + 0.506980 | 0.75 uM
2 03 y =-0.102037x + 0.32392
i
= 0.5uM
= ¥ = -0.049574x + 0.151969
‘ ©0.25 uM
00 02 04 06 08 10 1.2
min
1
0.9 y = -0.023554x + 0.887383
0.8
Sor 671941 | *1.0uM
2106 ®0.75 uM
— 05 y =-0.011009x + 0.452675 | ' °Y
baasasaay Y5-0.011099%+0
S o4
T 03 =.0.006658x + 0.231738 | * 0.5 uM
i o3 B ol iy
D 01 %0.25 uM
0
0 1 2 3 4 5 6
min
0.9 B ; "
g op fromammn gy
= o7 *1.0uM
C =-0,027190x + 0.637489
6 05 ®0.75uM
2 =-0.019282x + 0.418109
iL 04 e e ety oL 0.5uM
503 =.0,008888x + 0.212476
0.2 et %0.25 uM
0.1
0 1 2 3 4 5 6
min
*1.0uM
®0.75uM
0.5uM
*0.25 uM

23
21
19
17
15
13
1

UbFluor (M)

UbFluor (uM)
©xONR>® SN

22
=20
318
S
5 12

10

MT

et Q70 203501 *125 M
] y =-0.096721x + 15.51465 10 uM
i =-0.082845x + 13.093378
deeeen ) =.-0.069754x + 10.524111 M-S UM
1 ®5 UM
0 5 10 15 20
min
] =-0.341652x + 19.032710
)} 12,5 uM
.M A75 uM
J @5 puMm
y =-0.199790x + 9.306952
0 2 4 6 8 10 12 14
min
] ©12.5uM
2 y = -0.089744x + 15.86677 10 uM
e 20,0857 445+ 15180677
1 = -0.074655x + 13.054938 A7.5 uM
| = -0.057458x + 10.61232 o5 uM
0 5 10 15 20
min
| faue #12.5uM
R =-0.115556x + 15.02976 10 uM
=-0.093101x + 12.631111 A75 uM
AL —
0 5 10 15 20
min
1 y =-0.190106x + 20.37831
M ©12.5uM
: y = -0.160426x + 15.389933 10 uM
A
[ y—oa212a9x £ 12,617983 i
i ®5 uMm
=-0.103107x + 10.318324
0 5 10 15 20

min



AUDbI

AUDI AUDI
A398T AUED

W403A

AUDI

F463Y
MM/min

(B) Linear Least Squares Fitting

ST

y =0.0231x + 0.0019

0 02 04 06 08 1
UbFluor (uM)

0 02 04 06 08 1
UbFluor (uM)

0.025 y = 0.0237x - 0.0002 .

04 06 08
UbFluor (uM)

0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

y =0.0345x + 0.0008

n

MM/m

1.2

0 02 04 06 08 1
UbFluor (uM)

0.08
0.07 _ *
0.06 y =0.0633x + 0‘001.7
0.05

0.04
0.03
0.02
0.01

1.2

0 02 04 06 08 1
UbFluor (uM)

1.2

MM/min

MM/min

MM/min

UM/min

MM/min

0.13
0.12
0.11

0.1
0.09
0.08
0.07
0.06
0.05
0.04

0.4
0.35
0.3
0.25
0.2
0.15

0.14
0.12

0.1
0.08
0.06
0.04
0.02

0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06

MT

y =0.0052x + 0.015

10 15 20 25
UbFluor (uM)
y =0.0119x + 0.097 .
*
s
*
e .
*
10 15 20 25
UbFluor (M)
y = 0.0053x + 0.0083
10 15 20 25
UbFluor (uM)
y = 0.0069x + 0.0114
10 15 20 25
UbFluor (uM)
y = 0.0087x + 0.0169
*
10 15 20 25
UbFluor (M)



Figure S12. Data processing to obtain bimolecular rates (kops) for AUbl rat PARKIN
constructs containing activating mutations. (A) For each construct, the initial rates
were obtained at 4 different concentrations of UbFluor (0.25, 0.5, 0.75 and 1 uM of
UbFluor for ST conditions or 5, 7.5, 10 and 12.5 uM UbFluor for MT conditions). For ST
measurements, 5 uM of rat PARKIN was used while for MT measurements, 1 uM of rat
PARKIN was used for all mutations except AUPD. For AUPD, 2 uM PARKIN was used for
ST conditions because of its extremely fast reaction rate. For the same reason, the initial
rate for AUPD was calculated using only data from 0 — 1.2 min for AUPD under ST
conditions. Initial rates were determined using two datasets, and one dataset is shown
in (A). (B) The initial rates from all 8 measurements were plotted vs. UbFluor
concentration, and the data was fitted using a linear least squares (linest function,
Microsoft Excel) to obtain the slope. The slope is divided by concentration of PARKIN to
obtain keps (M's™?, Figure 6B). Reported errors in kops Were determined from the error in
the slope of the linear least squares fit.
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Figure $13. ST bimolecular rates for rat PARKIN constructs that are activated by known
structural mutations. Along with activities of rat PARKIN mutants at MT conditions
(Figure 6B), we obtained bimolecular rates under ST conditions as described in the text.
Both ST and MT rates show similar trends.
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Figure S14. Data processing to obtain bimolecular rates (koss) for PARKIN®®*t, (A) The
initial rates of each construct were obtained at 4 different concentrations of UbFluor as
described in Figure S12. For ST measurements, 5 uM of PARKIN was used while for MT
measurements, 2 UM of PARKIN was used. One of the two sets of data is shown. (B) The
initial rates from all 8 measurements were plotted vs. UbFluor concentration and fitted
using a linear least squares (linest function, Microsoft Excel) to obtain the slope. The
slope was divided by the concentration of PARKIN to obtain keps (M*s™) (C-E). Reported
errors in kops were determined from the error in the slope of the linear least squares fit.
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Figure S15. Bimolecular rates do not depend on UbFluor concentration in the range
used for MT assays (10-20 uM UbFluor). To confirm that we can quantitatively assess
and compare bimolecular rates for rat PARKIN mutants obtained at the 10 — 20 uM of
UbFluor concentration used in this work, MT rates of each mutant obtained at each
concentration of UbFluor were divided by the rates of the AUbl construct. The ratio of
the mutant to wild-type rates (Vmut/Vwr) does not depend significantly on UbFluor
concentration (<10% variation) in this range.
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Figure S16. The UbFluor assay is suitable for high-throughput screening (A) The RBR E3
Ligases HHARI or PARKIN (1.0 uM) were incubated in 50 mM HEPES pH 7.5, 50 mM Nacl,
0.5 mM TCEP, 6 uM Tween-20 with either DMSO (0.2%) or with iodoacetamide (IAA, 1
mM in 0.2% DMSO) for 1 hour. UbFluor (5 uM) was then added and incubated with the
E3 ligase for 1 or 2 hours before endpoint fluorescence polarization readings were
recorded with the Synergy 4 microplate reader (BioTek, Winooski, VT). Error bars
indicate standard error of the mean for 3 measurements. (B) The same reactions were
guenched with reducing Laemmli buffer, resolved with SDS-PAGE and Western blotted
using an anti-Ub antibody.
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