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Experimental Procedures
1. Synthetic procedures of StaPols

General materials and methods

Dichloromethane (CH,Cl,) was redistilled with CaH, and dimethylformamide (DMF) was passed through a column of
molecular sieves. (S)-1-N-Boc-piperazine-3-carboxylic acid methyl ester, lithium hydroxide, 1-Boc-piperazine, N,N,N-
Triethylamine (EtsN), 2-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU), N,N-
diisopropylethyl-amine (DIPEA), trifluoroacetic acid (TFA) were purchased and used without further purification. 2,2,5,5-
Tetramethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Compound 2)!, 2,2,5,5-tetraethyl-3-pyrroline-1-oxyl-3-carboxylic acid
(Compound 1)? and 0X0633 was prepared according to the previously reported methods. H-StaPols were obtained
according to the previously reported methods.* Thin layer chromatography analysis was performed on glass 0.25 mm silica
gel plates which were visualized by exposure to UV light. Flash column chromatography was employed using silica gel with
200-300 mesh. High-resolution mass spectrometry was carried out employing electrospray ionization methods (ESI) for the
end products and LTQ Orbitrap discovery (ESI, Thermofisher scientific) for the reaction intermediates. Analytical HPLC was
done on an Agilent 1100 instrument equipped with a G1315B DAD detector and G1311A pump, and data are shown in Fig.
S1. Semipreparative HPLC was carried out on SSI 1500 equipped with a UV/Vis detector and versa-pump.
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Fig. S1 Synthesis of StaPols, H-StaPols and H-SNAPol-1.

Pol-1

To a solution of 2,2,5,5-tetraethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Compound 1, 24 mg, 0.099 mmol) and DIPEA (166
pL, 0.950 mmol) in DMF (2 mL) was dropwise added HATU (43.75 mg, 0.115 mmol) in DMF (0.5 mL). Then, (S)-1-N-Boc-
piperazine-3-carboxylic acid methyl ester (31.2 mg, 0.128 mmol) in DMF (0.5 mL) was added, and the resulting yellow
solution was stirred for 24 h at room temperature in the darkness. The reaction mixture was extracted with EtOAc (20 mL)
and 1 M HCI (20 mL). The organic layer was separated, washed with brine (30 mL), dried over anhydrous sodium sulfate,
filtered and concentrated in vacuo. The crude product was dissolved in DCM and purified by column chromatography on
silica gel using DCM/ EtOAc (9:1) as an eluent to afford the methyl ester-containing nitroxide as a yellow solid. Then,
lithium hydroxide (114 mg, 4.75 mmol) was added to the solution of the methyl ester- containing nitroxide (44.2 mg, 0.095
mmol) in MeOH/H,0 (1:1). TLC was used to monitor the hydrolysis reaction. After completion of the reaction (~4 hours),
the reaction mixture was extracted with EtOAc (20 mL) and 1 M HCI (20 mL). The organic layer was separated, washed with
brine (20 mL), dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. The resulting residue was
redissolved in DCM (1 mL) and then trifluoroacetic acid (TFA, 1 mL) was added. The resulting solution was stirred at
ambient temperature for 3 h. The solvent and TFA were completely removed under vacuum. Pol-1 (20.9 mg, 60 % over
three steps) was obtained as a red oil which was used without further purification. Pol-1, HRMS (ESI, m/z): calcd for
Ci1gH29N304% ([M-HJ), 351.2164; found, 351.2165.

StaPol-1

To a solution of OX063 (26 mg, 0.019 mmol) and DIPEA (33.2 uL, 0.19 mmol) in DMF (2 mL) was dropwise added HATU
(8.75 mg, 0.023 mmol) in DMF (0.5 mL). Then, Pol-1 (16.8 mg, 0.048 mmol) in DMF (0.5 mL) was added. After stirring
overnight at room temperature, the reaction mixture was concentrated under vacuum. The resulting residue was
redissolved in phosphate buffer (20 mM, pH 7.4) and separated by column chromatography on reversed-phase C18 using
water followed by 0-25% MeOH in H,0 as eluents to afford a green solid (8 mg, 25 %). StaPol-1, HRMS (ESI, m/z):
calculated for C;oHggN30,151,°° ([M-2H]%) 845.6324; found, 845.6327.

Pol-2

To a solution of 2,2,5,5-tetraethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Compound 1, 24 mg, 0.099 mmol) and DIPEA (166
uL, 0.950 mmol) in DMF (2 mL) was dropwise added HATU (43.75 mg, 0.115 mmol) in DMF (0.5 mL). Then, 1-Boc-piperazine
(23.8 mg, 0.128 mmol) in DMF (0.5 mL) was added, and the resulting yellow solution was stirred for 24 h at room
temperature in the darkness. The reaction mixture was extracted with EtOAc (20 mL) and 1 M HCI (20 mL). The organic
layer was separated, washed with brine (30 mL), dried over anhydrous sodium sulfate, filtered and concentrated in vacuo.
The crude product was dissolved in DCM and purified by column chromatography on silica gel using DCM/ EtOAc (10:1) as
an eluent to afford the precursor of Pol-2 as a yellow solid. The precursor was redissolved in DCM (1 mL) and then
trifluoroacetic acid (TFA, 1 mL) was added. The resulting solution was stirred at ambient temperature for 3 h. The solvent
and TFA were completely removed under vacuum. Pol-2 (21.3 mg, 80 % over two steps) was obtained as a red oil which
was used without further purification. Pol-2, HRMS (ESI, m/z): calcd for C,7H3oN50,°* ([M+H]*), 309.2416; found, 309.2408.



StaPol-2

To a solution of OX063 (26 mg, 0.019 mmol) and DIPEA (33.2 uL, 0.19 mmol) in DMF (2 mL) was dropwise added HATU
(8.75 mg, 0.023 mmol) in DMF (0.5 mL). Then, Pol-2 (12 mg, 0.035 mmol) in DMF (0.5 mL) was added. After stirring
overnight at room temperature, the reaction mixture was concentrated under vacuum. The resulting residue was
redissolved in phosphate buffer (20 mM, pH 7.4) and separated by column chromatography on reversed-phase C18 using
water followed by 0-30% MeOH in H,0 as eluents to afford a green solid (9 mg, 30 %). StaPol-2, HRMS (ESI, m/z):
calculated for CgoHggN301451,°*% ([M-2H]%) 823.6375; found, 823.6324.

Pol-3

To a solution of 2,2,5,5-tetraethyl-3-pyrroline-1-oxyl-3-carboxylic acid (Compound 2, 18 mg, 0.097 mmol) and DIPEA (166
pL, 0.950 mmol) in DMF (2 mL) was dropwise added HATU (43.75 mg, 0.115 mmol) in DMF (0.5 mL). Then, 1-Boc-piperazine
(23.8 mg, 0.128 mmol) in DMF (0.5 mL) was added, and the resulting yellow solution was stirred for 24 h at room
temperature in the darkness. The reaction mixture was extracted with EtOAc (20 mL) and 1 M HCI (20 mL). The organic
layer was separated, washed with brine (30 mL), dried over anhydrous sodium sulfate, filtered and concentrated in vacuo.
The crude product was dissolved in DCM and purified by column chromatography on silica gel using DCM/ EtOAc (10:1) as
an eluent to afford the precursor of Pol-3 as a yellow solid. The precursor was redissolved in DCM (1 mL) and then
trifluoroacetic acid (TFA, 1 mL) was added, the resulting solution was stirred at ambient temperature for 3 h. The solvent
and TFA were completely removed under vacuum. Pol-3 (19.5 mg, 80 % over two steps) was obtained as a red oil which
was used without further purification. Pol-3, HRMS (ESI, m/z): calcd for C;3H,,N30,°* ([M+H]*), 253.1790; found, 253.1783.

StaPol-3

To a solution of OX063 (26 mg, 0.019 mmol) and DIPEA (33.2 uL, 0.19 mmol) in DMF (2 mL) was dropwise added HATU
(8.75 mg, 0.023 mmol) in DMF (0.5 mL). Then, Pol-3 (13 mg, 0.048 mmol) in DMF (0.5 mL) was added. After stirring
overnight at room temperature, the reaction mixture was concentrated under vacuum. The resulting residue was
redissolved in phosphate buffer (20 mM, pH 7.4) and separated by column chromatography on reversed-phase C18 using
water followed by 0-25% MeOH in H,0 as eluents to afford a green solid (12 mg, 40 %). StaPol-3, HRMS (ESI, m/z):
calculated for CgsHgsN3019S1,°* ([M]7) 1593.2269; found, 1593.2201.

H-StaPols and H-SNAPol-1

To a 10 mL Schlenk bottle containing StaPol-1 (1.0 mg, 0.59 umol) and Na,S,0, (0.4 mg, 2.30 umol) was added 1 mL of
degassed water under argon atmosphere. The reaction mixture was stirred at room temperature for 30 min and then
concentrated under vacuum. The resulting residue was dissolved in water (1 mL) and Ks;Fe(CN)g (0.75 mg, 2.30 umol) was
added. After reacting at room temperature for 30 min, the solution was concentrated in vacuo. The resulting residue was
redissolved in phosphate buffer (0.5 mL, 20 mM, pH 7.4) and then purified by reverse-phase semi-preparative HPLC to give
a yellow solid H-StaPol-1 in quantitative yield. H-StaPol-1, HRMS (ESI, m/z): calculated for C;oHgoN30,151,°" ([M-2H]%)
846.1363; found, 846.1335. Similarly, H-StaPol-2 and H-SNAPol-1 were also synthesized. H-StaPol-2, HRMS (ESI, m/z):
calculated for CggHggN3010S15°°% ([M-2H]%) 824.1414; found, 824.1400. H-SNAPol-1, HRMS (ESI, m/z): calculated for
CesHooN30,151,°°% ([M-2H]%) 840.1363; found, 840.1361.

2. X-Band EPR experiments and spectral simulation of H-StaPols and H-SNAPol-1

X-band EPR measurements at ~298 K and ~150 K were carried out in 50 uL capillary on Bruker EMX-plus X-band
spectrometer. General instrumental settings were as follows: modulation frequency, 100 kHz; microwave power, 10 mW;
modulation amplitude, 1 G (~298 K) and 2 G (~150 K).

EPR spectral simulation was performed by the EPR/ROKI program which was developed by Professor Rockenbauer>.
The reported g factor and hyperfine constant (Ay) of the corresponding nitroxides were used as initial parameters for
spectral simulations.® 7 EPR parameters obtained by the simulation were shown in Table S1 and S2, which were well
consistent with the reported values.

All parameters were optimized simultaneously until the sum of squares of deviations between experimental and
calculated spectra was minimized. Note that only the relative g-tensor values were provided since the frequency of the
EPR instrument was not calibrated. The errors were estimated by fine-tuning only one of the parameters while the
other parameters were kept constant. The errors were obtained once the sum of squares of deviations did not vary
significantly with the parameter with a regression of usually > 98.5%. The estimated errors for room-temperature EPR
spectra were 0.0002 for g-factors, 0.15 G for Ay, 0.1 G for W, while the errors for low-temperature spectra were
0.0005 for g-factors, 1 G for Ay, 1 G for W.



2.1 Experimental and simulated X-band EPR spectra at room temperature
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Fig. S2 X-band experimental (red line) and simulated (black line) EPR spectra of H-StaPols (100 uM) and H-SNAPol-1 (100
UM) in phosphate buffer (20 mM, pH 7.4) at room temperature (~298 K).

Table S1. EPR parameters of H-StaPols and H-SNAPol-1 at ~298 K.

H-StaPol-1 H-StaPol-2 H-SNAPol-1
8no 2.0064 2.0064 2.0063
An/G 15.34 15.36 16.50
W/G 2.69 2.49 3.78

2.2 Experimental and simulated X-band EPR spectra at low temperature
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Fig. S3 X-band experimental (red line) and simulated (black line) EPR spectra of H-StaPols (100 uM) and H-SNAPol-1 (100
uM) in glycerol/water (60/40, v/v) at low temperature (~150 K).

Table S2. EPR parameters of H-StaPols (100 uM) and H-SNAPol-1 (100 uM) in glycerol/water (60/40, v/v) at ~150 K.

H-StaPol-1 H-StaPol-2 H-SNAPol-1

8 2.0094 2.0095 2.0094

gy 2.0069 2.0069 2.0069

gn 2.0031 2.0031 2.0030

An 5.8 5.7 5.3

Any 7.1 7.0 7.9

A 35.9 36.2 37.1

W/G 3.2 3.3 3.2

3. EPR experiments and spectral simulation of TN biradicals

X-band EPR measurements at ~298 K and ~150K were carried out in 50 plL capillary on Bruker EMX-plus X-band
spectrometer. General instrumental settings were as follows: modulation frequency, 100 kHz; microwave power, 10 mW;
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modulation amplitude, 1 G (~298 K) and 2 G (~150 K).

Q-band CW spectra were collected at ~298 K on a Bruker E580 (34 GHz) spectrometer. General instrumental settings
were as follows: modulation frequency, 50 kHz; microwave power, 3 mW; modulation amplitude, 0.1 G.

EPR simulation of liquid-state EPR spectra (both X-band and Q-band) of TN biradicals was performed by the EPR/ROKI

program. The following spin Hamiltonian was used> 8:
Mgy = B & * él'/"b’ + B &, * ‘éwzvuy + ]‘;‘1:92 + 5‘1 * A?l * }1

In order to reduce the number of variables when we simulated the spectra of the biradicals, the isotropic g factor and the
hyperfine constants of the corresponding nitroxides (See Table S1) were used as initial parameters for spectral simulations.
Because the molecules can tumble freely and quickly at room temperature, anisotropies of the magnetic resonance
parameters are averaged out. Accordingly, in the liquid state, ten non-linear parameters were adjusted in the simulation.
The parameters were optimized simultaneously until the sum of the squares of the deviations between the experimental
and calculated spectra was minimized. Table S3 shows five of the parameters (i.e., exchange interactions value, J; gno and
gmi; the hyperfine constant of the nitrogen atom, Ay; the line-width, W) obtained from simulation of X-band EPR spectra,
which are more important than the others. Using the similar procedure for simulation of EPR spectra of H-StaPols (See
above), the errors of the parameters for X-band EPR spectra were estimated: g-factors: 0.0002; Ay: 0.15 G; J: 2 G; W:
0.5 G. Table S4 showed the corresponding EPR parameters obtained from simulation of the Q-band EPR spectra with the
estimated errors: g-factors: 0.0002; Ay: 0.2 G; J: 0.5 G; W: 0.5 G.

EPR simulation of Solid-state EPR spectra (X-band) of StaPol-1 and StaPol-2 was performed by the DNP/ROKI program.
The spin Hamiltonian was used as given in our previous study> 8:

Hg, :é*gl *él'/uB +é*é2 *éz-ﬂg +J:§|§2 +D(2SZIS22 -85,8, _S}*]Sy2)+‘§l *1:11 >k}1 +§2 *‘:12 *}2

The anisotropic values of g tensors (gnx 8wy, 8nz) and hyperfine constants (Any, Any, An;) Obtained from simulation of X-
band EPR spectra of H-StaPols at low temperature (See Table S2) were used as initial parameters for spectral simulations.
For simulation of the solid-state EPR spectra of StaPol-1 and StaPol-2, 20 non-linear parameters in total were adjusted (18
for the biradical and two for the monomer). These parameters were optimized simultaneously until the sum of the squares
of the deviations between the experimental and calculated spectra was minimized: anisotropy of the gyo value: gy, gy, Ena
anisotropy of the nitrogen hyperfine constant, Ay: Ay, Any, A the isotropic grq value; exchange and dipolar interactions
value: J, D; polar angles: X, ®; euler angles: a, B, y; the line-width, W. Table S5 showed 15 of the parameters which are
more important than the others. The errors of the EPR parameters at low temperature were estimated: g-factors: 0.0005;
A\: 2 G; W:0.5G; J: 2 G; D: 2 G; polar and euler angles: 5 deg.

3.1 Experimental and simulated X-band EPR spectra at room temperature

StaPol-2 simulation
experiment
y ; . ; T . T T T T T .
3460 3480 3500 3520 3540 3560

Field/G

Fig. S4 X-band experimental (red line) and simulated (black line) EPR spectra of StaPol-2 (300 uM) in phosphate buffer (20
mM, pH 7.4) at room temperature (~298 K).



Table S3. Magnetic parameters of StaPol-1 and StaPol-2 in the liquid state at ~298 K (X-band).

StaPol-1 StaPol-2
J/G 14.6 11.2
8no 2.0050 2.0050
Bri 2.0034 2.0034
AN/G 15.75 15.85
W/G 4.34 3.72

3.2 Experimental and simulated Q-band EPR spectra at room temperature

SNAPol-1: Q-band, 298K ——simulation

StaPol-2: Q-band,298K ——simulation ——experiment
—— experiment

11920 11940 11960 11980 12000 11920 11840 11960 11980 12000
Field (G) Field (G)

Fig. S5 Q-band experimental (red line) and simulated (black line) EPR spectra of StaPol-2 and SNAPol-1 (300 puM) in
phosphate buffer (20 mM, pH 7.4) at room temperature (~298 K).

Table S4. Magnetic parameters of StaPol-1, StaPol-2 and SNAPol-1 in the liquid state at ~298 K (Q-band).

StaPol-1 StaPol-2 SNAPoI-1[ab]
J/G 10.5 7.9 29.10k1/4,0b]
8no 2.0047 2.0046 2.0047
BTri 2.0033 2.0034 2.0034
An/G 14.99 15.11 16.08
W/G 4.93 4.60 4.20

Two stable conformers were observed for SNAPol-1 at Q-band EPR #: [a] conformer 1 (29%), [b] conformer 2 (71%).

3.3 Experimental and simulated X-band EPR spectra at low temperature
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Fig. S6 X-band experimental (red line) and simulated (black line) EPR spectra of StaPol-2 (300 uM) in glycerol/water (60/40,
v/v) at low temperature (~150 K).

Table S5. Magnetic parameters of StaPol-1 and StaPol-2 (300 uM) in glycerol/water (60/40, v/v) at ~150 K (X-band).

StaPol-1 StaPol-2
8n 2.0094 2.0100
Eny 2.0069 2.0061
g, 2.0021 2.0020
A/G 4.2 3.7
Aw/G 69 5.6
An/G 31.0 28.3
grri 2.0041 2.0041
J/G 23 21
D/G 9 8
X 175 174
O] 12 -6
o 21 25
B -31 21
Y 8 8
W/G 4.90 4.67

4. Characterization of StaPols and H-StaPols

4.1 HPLC chromatograms of StaPols

StaPol-1  10.9 min StaPol-2 15.5 min StaPol-3 11.2 min

U J

T T T T J T
0 5 10 15 2 o0 5 10 15 20
Time/min Time/min Time/min

Fig. S7 The purity of the samples ranged from 97% to 99%. Samples were measured in CH;CN/CH3;COONH, (20 mM), 10%-
50%, 0-20 min, Flow speed: 1 mL/min. Column: Inertsil ODS-3.5 um 4.6 x 250 mm. Column temperature: 25°C, UV
detection at 464 nm.

4.2 HRMS spectra of StaPols, H-StaPols, H-SNAPol-1 and their intermediates
9
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Fig. S8 HRMS spectrum of Pol-1.

Fig. S9. HRMS spectrum of StaPol-1.
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Fig. S10 HRMS spectrum of Pol-2.

Fig. S11 HRMS spectrum of StaPol-2.
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Fig. S12 HRMS spectrum of Pol-3.

Fig. S13 HRMS spectrum of StaPol-3.
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Fig. S14 HRMS spectrum of H-StaPol-1.

Fig. S15 HRMS spectrum of H-StaPol-2.



i H-SNAPol-1

oas

°
3
— 840.13615
— 84063580
4163646

-

0.45

>
= §42.13631

0.3
025

— §42 63302

02

0.15 <] | | |‘,

83 14395

0.05 - \ ‘

/ | ! \ A A
BI85 B30 8305 B4A0 8405 BA1 B415 842 B425 B43 8435 844 Ba45 845 8455

Fig. S16 HRMS spectrum of H-SNAPol-1.

5. Reduction of biradicals with ascorbic acid or in the cell lysates

R Asc or cell lysate
R

- =

TN (biradical) TNH (trityl-hydroxylamine)

Fig. $17 Reduction of TN biradicals by ascorbic acid or cell lysate.

Assuming that the concentrations of ascorbic acid and reducing substances in cell lysates used were in greater excess than
the biradical concentration (50 uM), the reduction of the TN biradical with ascorbic acid or in the cell lysates follows
pseudo first-order reaction kinetics. The equations for this reaction kinetics are shown below? 1°;

- dEITtN ] = k,[Asc][TN]

[TN]= [N, - [TVvH]

k,,, =k,[Asc]

—%;[TNHD =Ik,[4sc)(TN], - [TNH])= k,,, (TN ], -[TNH])
J‘%;[TNH]) - J'_ k. ([TN:L _ [TNH])

of VD -NHY)
[V ],

where [TN] is the concentration of biradical; k; is the second-order rate constant; [Asc] is the ascorbic acid concentration
used; [TN], is the initial concentration of biradical; [TNH] is the concentration of the trityl-hydroxylamine. The
approximated second order rate constant (k,) was finally calculated from the slope of the plot of kg, versus [Asc]. The
standard deviation of k, was also obtained from the linear fitting of the plots (see the inserted tables in Fig. S21 and S24).
Note, the concentration of the trityl radical from the reduction of TN biradicals at different time points were measured
based on the signal intensity of the reducing form (i.e., the trityl-hydroxylamine) of StaPol-3 or SNAPol-1 (50 uM) under the
same conditions which were obtained by complete reduction with a large excess of ascorbic acid (5 mM) after 30 min.
14



5. 1. Reduction of biradicals with ascorbic acid
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Fig. S18 EPR spectra showing the reactions of StaPol-1, StaPol-2, StaPol-3 or SNAPol-1 (50 uM) with ascorbic acid (2 mM) in
PBS (50 mM, pH 7.4). Spectra were recorded with 100 kHz modulation frequency, 0.8 mW microwave power and 0.1 G
modulation amplitude. (Note: In the case of StaPol-1 and StaPol-2, the signal intensity is enlarged for ~50x). The
concentrations of the trityl monoradical from reduction of StaPol-1 and StaPol-2 after 11 min were calculated to 2.6 £ 0.1
UM and 2.4 £ 0.1 uM, implying that only 5.2 £ 0.2 % and 4.8 + 0.2 % of StaPol-1 and StaPol-2 were reduced, respectively.
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Fig. S19 Plot of concentration of trityl radical as a function of time, which was formed from the reaction of StaPol-3 (60 uM)
with various concentrations of ascorbic acid (400-3000 uM) in PBS (20 mM, pH 7.4).
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In((TN-TNH)/TN)

Equation

y=a+ b

Adj. R-Sguare  0.98908 0.99318
h Value
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0.99582 0.99776
Standard Error
0.00391
2.53148E-5
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5.43759E-5
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Fig. S20 Plot of In[([TN]y-[TNH])/[TN],] vs t for StaPol-3.
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Fig. S21 Plot of k., vs [Asc] for StaPol-3.
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Fig. S22 Plot of concentration of trityl radical as a function of time, which was formed from the reaction of SNAPol-1 (50
UM) with various concentrations of ascorbic acid (300 - 750 uM) in PBS (20 mM, pH 7.4).
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Fig. S23 Plot of In ([TN]o-[TNH])/[TN],) vs t for SNAPol-1.
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Fig. S24 Plot of k. vs [Asc] for SNAPol-1.

5.2 Reduction of biradicals in Hela cell lysates

5.2.1 Preparation of Hela cell lysates

Hela cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 °C in a humidified atmosphere of 5% CO, and 95% air. The cells were used
between passages 4 and 6. Hela cell lysates were prepared according to a reported method with minor modifications.% 12
The Hela cell suspension (PBS, 600 puL per 108 cells) was frozen in liquid nitrogen and then thawed in a 37 °C water bath.
This procedure was repeated 3 times. The resulting lysate was further sonicated for 5 minutes and then centrifuged at

15000 rpm at 4 °C. The supernatant was taken and stocked at -80 °C.

5.2.2 Stability of biradicals in HeLa cell lysates

StaPol-3 *
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ey
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Fig. S25 EPR spectra showing the reduction of StaPol-1, StaPol-2, StaPol-3, and SNAPol-1 in the Hela cell lysates. The
biradical (25 pL, at the final concentration of 50 uM) was mixed with Hela cell lysates (25 uL) and then EPR spectra were

“uxn

recorded over 240 min. indicates signals from the trityl monoradicals. EPR spectra were recorded with 0.8 mW
microwave power and 0.1 G modulation amplitude (top, StaPols), or 10 mW microwave power and 1 G modulation
amplitude (bottom, StaPols and SNAPol-1). The concentrations of the trityl monoradical from reduction of StaPol-1 and
StaPol-2 after 240-min incubation were calculated to be 1.5 + 0.1 uM and 1.6 £ 0.1 uM, implying that only 3.0 £ 0.2 % and

3.2 £ 0.2 % of StaPol-1 and StaPol-2 were reduced, respectively.

2.0 1
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194 =
1.8 4
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O
> l
1 6 n Equation y=a+b*x
J/ Adj. R-Square 0.98783 0.99479
Value Standard Error
1.5 q|StaPol-3 Intercept 1.91223 0.00886
StaPol-3 Slope -0.0072 2.40824E-4
4| SNAPol-1 Intercept 1.97527 0.00366
SNAPol-1 Slope -0.00456 9.94109E-5
14 . Y . Y ' r
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Fig. S26 Plot of IgC([TN]) vs t. Linear fitting provided the value of k from the slope and the corresponding half-lives (t;/,=
Ig2/k) of both StaPol-3 and SNAPol-1 in the Hela cell lysates were obtained.

Table S6. Second-order reaction rates of StaPol-3 and SNAPol-1 with ascorbic acid and half-life times in HelLa cell lysates.

Polarizing Agent k; (M1s1) t1/2 (min)
StaPol-3 1.3+0.1 418+14
SNAPol-1 12.4+0.5 66.0+1.4
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6. Solid-state NMR DNP experiments
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Fig. S27 DNP Field profiles for StaPol-1, StaPol-2, and StaPol-3. PAs were impregnated at a final concentration of 10 mM
into a matrix containing 0.25 M [13C, >N] proline solubilized in the ‘DNP Juice’ (ds-glycerol/D,0/H,0, 60/30/10, v/v/v). See

Tables S8-S10 for error analysis.
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Fig. $28 0.25 M ['3C, '®N] proline carbonyl polarization build-up curves for StaPol-2, StaPol-3, and StaPol-1. Left
panel depicts Tg (sec) and right panel depicts T4 (sec). PAs were impregnated at a final concentration of 10 mM
into a matrix containing 0.25 M proline solubilized in ‘DNP Juice’ (dg-glycerol/D,O/H,0, 60/30/10, v/v/v). Data is
fitted with a mono-exponential decay model. Sy.x denotes the s.d of the residual. See Tables S11-13 for error

analysis.
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Fig. S29 Comparison of double-quantum 3C-13C filtered experiments on [*3C, 1°N] ubiquitin delivered via electroporation to
intact Hela cells (blue), isolated nuclei (black), and lysates (red). Intact Hela cell and nuclei 1D slices were extracted from
3D DQSQSQ 3C-13C-13C experiments (Beriashvili et al, 2022, under review). The overlay shows that the aliphatic
resonances observed in lysates most likely stem from labelled ubiquitin with some additional natural abundance signals in
the 110 ppm to 150 ppm region. These resonances could result from aromatic Ub residues and/or the natural abundance

cellular background including nucleic acids. The increased intensity at 140 ppm is likely due to a superposition of aromatic
signals and carbonyl MAS sidebands.

Table S7. Summary of H and 13C enhancements for [13C, °N] proline in ‘DNP juice’ (dg-glycerol/D,0/H,0, 60/30/10, v/v/v).
13C enhancements were determined at the magnetic field where maximum 'H enhancements were detected.

Polarizing Agent Max 'H Enhancement Max 13C Enhancement
StaPol-1 112 +1.3 117 £0.90
StaPol-2 73+0.76 84 +0.75
StaPol-3 101+ 0.76 105+1.3
SNAPol-1 / 135
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Table S8. Error analysis for the field profile of Stapol-1 in Fig S27. Details of the error calculation are given in the section of
solid-state NMR methods.

Stapol-1
| Magnetic Field (T)| Eon/off | Error +/-
18.7876 2.58 1.94
18.7885 3.53 1.71
18.7929 4.41 1.62
18.7938 3.39 1.64
18.7947 51.62 1.50
18.798 103.95 1.23
18.799 112,01 1.27
18.7998 107.66 1.23
18.8024 70.43 1.05
18.8033 58.98 1.05
18.8042 47.15 1.13

Table S9. Error analysis for the field profile of Stapol-2 in Fig S27. Details of the error calculation are given in the section of
solid-state NMR methods.

Stapol-2
Hnﬂlc Field (T)] Eon/off Error +/-
18.7898 5.25 0.11
18.7908 7.82 0.13
18.7917 1162 0.16
18.7941 31.03 0.38
18.795 43.69 0.48
18.79559 56.30 0.62
18.7975 69.30 0.73
18.7984 73.26 0.75
18.7993 73.00 0.75
18.80:{1 73.39 0.7
18.8008 71.31 0.73
18.8015 67.01 0.71
18.8024 58.56 0.65
18.8033 48.72 0.55
18.8042 39.06 0.55
18.8072 16.84 0.21
18.8082 12.73 0.17
18.809 10.01 0.16
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Table S10. Error analysis for the field profile of Stapol-3 in Fig S27. Details of the error calculation are given in the section of
solid-state NMR methods

Stapol-3
ﬂnﬂ:lc Field (T)] Eon/off Error +/-
18.792 972 0.41
18.7928 16.62 0.52
18.7937 27.60 0.62
18.7952 51.53 1.32
18.7961 68.39 1.16
18.7969 79.17 1.16
18.7982 98.14 0.70
18.799 497.18 0.54
18.7959 101.00 0.76
18.8004 B5.60 0.10
18.8027 72.51 1.25
18.8036 60.83 1.28
18.8044 49.08 0.96

Table S11. Error analysis of Tg/T; of Stapol-1 from Fig S28. Details of the error calculation are given in the section of solid-
state NMR methods.

Stapal-1
Ta T,
Time (sec) | Relative Intei_;ral Error +/- | Time (sec) | Relative rnte-g ral] Error +/-
0.05 0.01257 0.0097 0.05 0.01717 0.0167
0.1 0.0174 0.0011 0.1 0.02452 0.0192
0.5 0.0704 0.0019 0.5 0.07289 0.0517
1 0.1328 0.0019 1 0.1199 0.0547
15 0.1986 0.0013 1.5 0.1818 0.0392
2 0.2509 0.0011 2 02312 0.0342
2.5 0.2987 0.0027 2.5 0.2835 0.0295
5 0.4998 0.0036 5 0.4695 0.0418
10 0.7417 0.0079 10 0.7248 0.0489
20 0.9206 0.0042 20 0.9295 0.0602
30 0.9463 0.0097 30 0.9633 0.0399
50 0.9775 0.0136 50 1 0.0457
75 0.9932 0.0094 75 0.9967 0.0403
100 1 0.0093 100 0.9967 0.0466
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Table S12. Error analysis of Tg/T; of Stapol-2 from Fig S28. Details of the error calculation are given in the section of solid-
state NMR methods.

Stapol-2
Ta T,
Time (sec) |Relative Integral] Error +/- | Time (sec) | Relative integral ] Error +/-
0.001 0.0001538| 0.0002 0.5 0.1333 0.2515
0.05 0.008734 0.0008 1 0.235 0.1880
0.1 0.02175 0.0008 1.5 0.3151 0.0405
0.5 0.1257 0.0038 2 0.4001 0.0472
1 0.2392 0.0062 25 0.4504 0.0419
15 0.338 0.0075 5 0.6808 0.0502
2 0.4224 0.0075 10 0.9166 0.0470
2.5 0.4957 0.0057 20 0.9796 0.0438
5 0.7433 0.0082 30 0.9622 0.0448
10 0.9275 0.0094 50 1 0.0424
20 0.9923 0.0100 75 0.9437 0.0465
30 1 0.0096
50 0.9966 0.0081
75 0.9978 0.0070

Table S13. Error analysis of Tg/T; of Stapol-3 from Fig S28. Details of the error calculation are given in the section of solid-
state NMR methods.

Stapol-3
L T,
Time (sec) | Relative Integral| Error +/- | Time (sec) |Relative Integral|] Error +/-
0.001 0.01777 0.0137 0.001 0.02863 0.0278
0.05 0.03997 0.0025 0.05 0.05318| 0.0415
0.1 0.02885 0.0008 0.1 0.0442 0.0313
0.5 0.1324 0.0019 0.5 0.1047 0.0478
1 0.2356 0.0015 1 0.2198 0.0474
1.5 0.3128 0.0014 1.5 0.3072 0.0454
2 0.3997 0.0036 2 0.4081 0.0425
25 0.4507 0.0033 2.5 0.4582 0.0408
5 0.6812 0.0073 5 0.7151 0.0483
10 10,9137 0.0041 10| 0.918 0.0595
20 0.5795 0.0100 20 0.5543 0.0395
30 0.9643 0.0134 30 0.9953 0.0454
50 1 0.0085 50 1 0.0405
75 1 0.0093 75 0.9598 0.0449
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Table S14. Error analysis of Tg of Stapol-1 with in vitro 13C, °N ubiquitin in DNP juice (Figure 4b).

Tg

Time (sec) | Relative Integral | Error +f-
0.5 0.09347 0.0137
1 0.1769 0.0180
15 0.2484 0.0046
2 0.3137 0.0020
2.5 0.3708 0.0036
5 0.5939 0.0048
10 0.8338 0.0074
20 0.9664 0.0110
30 0.9843 0.0081
50 0.9805 0.0071
75 0.9885 0.0038
100 1 0.0034

7. Materials and Methods for solid-state NMR DNP experiments

7.1 Production of 13C, >N-enriched Ubiquitin (Ub)

Stable isotope labelled Ub was produced recombinantly in E. coli as described before®. Upon purification Ub was buffer
exchanged into water and lyophilized for long-term storage. 'H->°N SOFAST-HMBC experiments were acquired prior to
lyophilization and directly after sample rehydration to ensure Ub’s proper fold.

7.2 Production of in-cell samples and lysates

2D Hela cell cultures were grown as described before. Hela cells were electroporated with 1.2 mM *3C, >°N-Ub following
methodology described in ref.13, Lysate samples were prepared as follows: 8 million Hela cells 5 hr post electroporation,
were trypsinized, washed thrice with ice-cold phosphate-buffered saline (PBS - Sigma-Aldrich, Sneldorf-Germany), and
centrifuged (400 x g for 3 mins at centigrade). Following aspiration, the white pellet was resuspended on ice in 56 uL of
DNP Juice (6:4 - dg-*2C; glycerol: D,O (1 x Hank’s buffered salts) with cell culture protease inhibitors (MERCK, The
Netherlands) and passed through a 23 G needle 20 times. The sample was further centrifuged (7,000 x g for 3 mins at 4
centigrade) and the pellet was resuspended by passing through a 23 G needle until the solution was minimally viscous. The
samples were split into equal aliquots and supplemented with either SNAPol-1 or StaPol-1 at a final concentration of 30
mM. The aliquots were incubated at ambient temperature for 1.5 hrs and then packed into DNP sapphire 3.2 mm rotors as
described in ref.13 14,

7.3 Acquisition of DNP-ssNMR Data

All data were acquired at a static magnetic field strength of 18.8 T - *H 800 MHz. The spectrometer was equipped with an
AVANCE NEO console (Bruker Corp, USA), 3.2 mm HX low-temperature DNP probe, sweep coil, and a 9.7 T - 527 GHZ
gyrotron. All measurements were conducted at a MAS rate of 8 kHz and 95K. Spectra requiring proton-decoupling utilized
SPINAL-641 at a strength of 85 kHz. Data was collected at 60 mA of microwave irradiation.

7.4 Enhancement Field Profiles

All PAs (30 mM) were impregnated into a matrix consisting of 0.25 M 13C, >N proline dissolved in 6:3:1 DNP Juice (d8-
glycerol/D,0/H,0), placed into sapphire DNP rotors and flash frozen in liquid nitrogen. PA field profiles were recorded for
1H at various magnetic fields utilizing a Hahn-echo pulse sequence’® - 13C enhancements were determined indirectly via a
1H-13C at the field strength where maximum H enhancement was recorded. Specific experimental parameters can be
found in Table S7.
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7.5 T; and Tz Measurements and Enhancements

Relaxation measurements were obtained via a saturation recovery adiabatic *H-13C CP.8 Experimental parameters as listed

above. Relaxation data was fit in Prism with the following formula:
-t

I = 1[0](1 _e /Tl)
7.6 Error Analysis

The enhancement error (Ag) was calculated as described in Ref. [17: 18] according to the following formula:
Ag = S(Aluw,on/Iuw,on + Aluw,off/Iuw,off)
where | is the intensity and Al is the signal to noise in DNP experiments with and without microwaves on.

For T, and Tg buildup curves, the error is reported as standard deviation (s.d.) of the signal to noise (S/N). The S/N was
determined using the following formula:

- omal t . maxval

signal tonoise = -———
I ] 1 3-(Xn_i(y(i) — y(=i))°
Z?=_ﬂy(t)2—ﬁ((3?=-n3’@2+ (Z“'“pfig)l = )

neise = N N—1

where maxval is the highest intensity within the designated region, N is the total number of points within the noise,
wv-1)

n=-=—= and ¥(I) in the nth point in the noise region — adapted Bruker Topspin 4.1.1.

Sy.x denotes the standard deviation of the residuals. It is computed as follows:

(residualz)
Syx =

n-K

where n-k is the degrees of freedom of the regression — adapted from PRISM.

7.7 2D 13¢-13C PDSD

PDSD experiments were acquired with a 30 ms spin diffusion time (see ,e.g. Ref.1®). The carrier frequency was placed at 75
ppm. In vitro spectra were acquired with 656 points in the indirect dimension and 2368 points in the direct dimension.
Lysate StaPol-1 spectra were acquired with 328 points in the indirect dimension and 2368 points in the direct dimension.
Data was processed in Topspin 4.1.1 with gsine SSB 2 for all spectral dimensions.

7.8 1D 3¢-13C 2Q-1Q

1D 3C-13C double quantum experiments utilized a 0.5 msec reconversion to suppress DNP juice depleted glycerol signals.>
14 1H-13C asymmetric CP with a 110 psec contact time (63 kHz *H and 72 kHz 13C) was used. Double quantum reconversion
was achieved by utilizing 10 spc52° blocks (0.5 msec total mixing time at 13C 40 kHz) with continuous 'H decoupling at 90
kHz. The StaPol-1 lysate spectra were acquired with 1132 points, 1792 scans, 64 step phase cycle, recycle delay of 2 secs,
and an acquisition time of 7.92 msec.
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Table S15. Acquisition parameters for MW ON 1D 'H-13C CP experiments. MW OFF experiments
utilized identical parameters but with the MW source off. The StaPol-1 - 13C, >N Ub in-cell DQSQ was

recorded with both 512 and 2048 scans, the latter was utilized for analysis but baseline imperfections

were still prominent.

StaPol-1 - 13C, 15N

StaPol-1 - 13C, 5N SNAPol-1 - 13C, 5N StaPol-1 - 13C, °N

Ub Ub in-cell Ub lysates Ub lysates
1H 90 (us) 3.25 2.25 3 3
13C 90 (us) 2.75 2.75 3.25 5.2
CP Contact Time 700 110 200 200
(ps)
Acquisition Time 4.5 4.5 8.9 8.9
(ms)
Line broadening 100 200 100 100
(Hz)
Number of 128 512 2048 2048
Scans

Table S16. Acquisition parameters for 2D 13C-13C PDSD experiments. Experiment utilized 90 pulse

lengths as listed in Table S8.

StaPol-1 - 13C, >N Ub

Acquisition Time (ms) F2: F1
NS
Recycle delay

Line broadening (Hz)

14.5/4.1
64

2

125
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