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1. Experimental Section
1.1 Spin label synthesis

Synthesis of 4PS-5-Br-6PCA-(d)-DO3A-Gd>*:
P
Q \N/_H\N
j + Br\(x:J-LO,I( __ MaHoO; >L0 [ j 131 (X =H)

1-3-2(X=D)
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) 8
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N & N £0°C, 16 h (/,: N
q SN _J ex Ho SN "X, Cj}_c"/""\x 2‘2
o’}'ﬁz /‘Tjo &, Ho A
1-14-1 (X = H) 1-15
1131 (X = H) 1112 (X=D) 4PS-5-Br-6PCA-DO3A-GA™ (X = H)
1-10-2 (X = D) 4PS.5-Br-6PCA-dg-DO3A-GA® (X = D)

Synthesis of 1-5: The 1-2-2 and 1-3 were synthesized according to reported literature.
(Montgomery et al., 2017; Wang et al., 2019; Li and Wong, 2004)

Synthesis of 1-5: To a solution of 1-4 (13.00ml, 100 mmol) in chloroform (50 mL), m-CPBA
(110 mmol) was added slowly. The mixture was stirred at room temperature for 10 h. The
formed precipitate was filtered and the filtrate was removed under vacuum. The crude
product was purified by column chromatography to give the compound 1-5 as white solid
(11.43 g, 57% yield). 'H NMR (400 MHz, CDCI3) § ppm: 7.39 (d, J = 8.2 Hz,1H), 7.05 (d /= 8.2
Hz, 1H), 2.75 (s, 3H), 2.52 (s, 3H).

Synthesis of 1-6: To compound 1-5 (9.56 g, 47.6 mmol) was added fuming nitric acid (30 mL)
and concentrated sulfuric acid (25 mL) under 0 °C and mixture was stirred at 100°C for 6 h.
The mixture was cooled to room temperature and poured it into ice water. The water phase
was extracted with DCM (3x100 mL). The organic phase was washed with saturate sodium
dicarbonate solution and dried over sodium sulfate followed by removing the solvent under
vacuum. The residue was purified by column chromatography to give the compound 1-6 as
yellow solid (10.3 g, 88%). 'H NMR (400 MHz, CDCl3) 6 ppm: 7.74 (1H, s), 2.81 (3H, s), 2.53

(3H, s); *C NMR (100 MHz, CDCl3) 6 ppm: 151.97, 148.78, 143.66, 118.50, 111.53, 18.73,
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18.30.

Synthesis of 1-7: To hydrogen bromide in acetic acid (33%, 40 mL) compound 1-6 (9.34g,
40.27 mmol) was added. The mixture was stirred at 90 ‘C for 3 h and cooled to room
temperature. The solution was poured into ice water and the pH was adjusted to 7 with
sodium hydroxide. The water phase was extracted with DCM (3x100 mL). The organic phase
was dried over sodium sulfate and filtered through celite. The residue was purified by
column chromatography to give the compound 1-7 as yellow solid (10.6 g, 94% vyield). *H
NMR (400 MHz, CDCls) & ppm: 7.47 (s, 1H), 2.84 (s, 3H), 2.45 (s, 3H).

Synthesis of 1-8: To a solution of 1-7 (6.0 g, 24.4mmol) in chloroform was added TFAA (10 mL)
dropwise. Then the mixture was stirred at 65°C for 10 h. The solvent was removed under
vacuum followed by adding saturate sodium decarbonate and stirred at room temperature
overnight. The water phase was extracted with DCM (3x100 mL). The organic phase was
dried over sodium sulfate and filtered through celite. The residue was purified by column
chromatography to give the compound 1-8 as a white solid (2.1 g, 35% vyield). 'H NMR (400
MHz, CDCls) & ppm: 7.42 (1H, s), 4.84 (2H, d, ) = 4.6 Hz), 4.30 (1H, t, ) = 4.6 Hz), 2.69 (3H, s);
13C NMR (100 MHz, CDCl3) § ppm: 159.74, 158.53, 116.43, 105.63, 63.73, 23.87.

Synthesis of 1-9: To a solution of 1-8 (8.75g, 31.25mmol) in acetone KMnO,was added. Then
the mixture was stirred at room temperature for 6 h. Then the insoluble KMnQO, was filtered
through celite and the filtrate was concentrated under vacuum to afford the 1-9 as yellow
solid (8.03 g, 88%). *H NMR (400 MHz, CDCl3) § ppm: 7.40 (s, 1H), 2.34 (s, 1H).

Synthesis of 1-10: To a solution of 1-9 (24.87g, 84.90mmol) in dichloromethane (200 mL),
dichlorosulfoxide (61.59ml, 849.00mmol) was added. Then the reaction mixture was stirred
at room temperature for 5 h. the solvent was removed under reduced pressure. Methanol
(140 mL) was added at room temperature, and then the reaction mixture was stirred at 70 °C
for 5 h. The mixture was concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel to give 1-10 as a yellow solid (8.84 g, 40% vyield). 'H NMR
(400 MHz, CDCl3) 6 ppm: 7.39 (s, 1H), 4.02 (s, 3H), 2.56 (s, 3H).

Synthesis of 1-11: The 1-10 was synthesized from 1-28 according to general method A. Light

yellow oil (14.85g, 55% yield). *H NMR (400 MHz, CDCl3) 6 ppm: 8.19 (s, 1H), 7.98 (d, J = 8.7
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Hz, 2H), 7.69 (t, J = 7.6 Hz, 1H), 7.58 (t, ) = 7.1 Hz, 2H), 3.98 (s, 3H), 2.70 (s, 3H).

Synthesis of 1-12: The 1-11 (14.85 g, 40.25 mmol) was dissolved in 200 mL CCl,, after the
mixture was heated to 90 °C, the NBS (7.1g, 40.2 mmol) and AIBN (328 mg, 2.0mmol) was
added portion-wise. After the TLC showed the full conversion, the reaction mixture was
cooled to room temperature and filtered. The filtrate was concentrated and the crude
product was purified by column chromatography to give the compound 1-12 as yellow solid
(9.78 g, 54% yield). *H NMR (400 MHz, CDCls) 6 ppm: 8.47 (s, 1H), 7.99 (d, J = 8.2 Hz, 2H),
7.72 (t, ) = 7.2 Hz, 1H), 7.60 (t, J = 7.2 Hz, 2H), 4.62 (s, 2H), 4.00 (s, 3H).

Synthesis of 1-13: To a solution of 1-12 (0.25g, 0.56mmol) in acetonitrile (20 mL), DO3A-'Bu
(308 mg, 0.6mmol) and potassium carbonate (0.3g, 2.5 mmol) were added. The mixture was
stirred at room temperature for 20 h. Then the mixture was filtered, and the solvent of the
filtrate was removed under vacuum, the residue was purified on silica gel to give the 1-13 as
yellow oil (277 mg, 56% yield). HRMS (ESI) calcd for [CaoHeoBrNsO10S + H]*: 882.3317, found:
882.3328.

Synthesis of 1-14: To a solution of 1-13 (264 mg, 0.30mmol) in THF/H,0 (2:1, 15 mL) sodium
hydroxide (16 mg, 0.4 mmol) was added slowly. The mixture was stirred at room
temperature for 11 h. The concentrate HCl was added to adjust the pH to 3~4, and the
solvent was removed. DCM/TFA (10 mL, 1:1) was added and the mixture was stirred for 0.5 h.
The solvent was removed under vacuum to give the 1-14 as a white solid (202 mg, 93% yield).
HRMS (ESI) calcd for [Ca7H3aBrNsO10S + H]*: 700.1283, found: 700.1286.

Synthesis of 4PS-5Br-6PCA-(ds)-DO3A-Gd**: To a 50 mL hydrothermal reactor 1-14 (140 mg,
0.2 mmol) and deionized water (10 mL) were added. The pH was adjusted to 6-7, then the
mixture was left to 80 °C for 20 h. After cooling down to room temperature, the residue was
adjusted to pH 9.0 and the precipitate was filtered. The filtrate was adjusted to pH 5. The
solvent was removed under vacuum, then methanol was added to resolve the target product.
The precipitate was filtered and filtrate was removed to deliver the target product.
4PS-5Br-6PCA-DO3A-Gd®**: (90% vyield). HRMS (ESI) calcd for [Ca7H30BrGdNsO1S + H]*:
855.0269, found: 855.0271.

4PS-5Br-6PCA-ds-DO3A-Gd**: (86% yield). HRMS (ESI) calcd for [Co7H24DsBrGdNsO10S + H]*:
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861.0588, found: 861.0669

Synthesis of 4PS-(d)-PyMTA:

CD,CO0D B TRAA SO0l BrCD,COOM
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e e - N —_— —_—— -
ACN, 90°C, 6 h suoocM e N cNcoos  Dom, it 2an TeNe Nz “ACN.60°C, 10h MeoOC [ 2L N_coome
Xz Xz c C N C
Rz X; X2 Ry
2-0-1(x-_H) 2-9"(X_H) 2401 (X=H,R=H)
2-8-2 (X=D) 292 (X=D) 2102 (X=H.R=D)
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0=5=0 080
PhSO;Na;AcOH MeOOC‘CR | X RyC .COOMe NaQH or NaCD HOOC‘CRZ | COOH
ACN,907C, 240 Me0OC. .M. N..COOMe  H200r D0MHE - pooe, N, K 2 N_CLOOH
Rz Xz Xz Ra Ry X X Ry
2411 (X =H,R=H) 212
- - 4PS-PyMTA (X = H,R = H)
2112 (X=H.R =D}
2113 (X =D.R = D) 4PS-dg-PYMTA (X =H, R = D)

4PS-ds;-PYMTA (X =D, R = D)
The 4PS-(d)-PyMTA were synthesized according to reported literature.(Montgomery et al.,

2017; Wang et al., 2019; Yang et al., 2015)
4PS-ds-PyMTA: HRMS (ESI) calcd for [C21H1sDsN3O10S + H]*: 518.1679, found: 518.1685.

4PS-d12-PyMTAZ HRMS (ES') calcd for [C21H11D12N30105 + H]+Z 522.1930, found: 522.1918.

Synthesis of 3-Br-4-PS-(d)-TPMTA:
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L 5 I B L, Br
| CHyl P NBS NaBH4 or NaBD4 B PBry
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L er £100cCH S Br S Br
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2 2 2
BrCXe XCug, Etooc Oy %e X C oot EIOGC'C:E % XSS cooet
R R
364 (x=H) moocTe | FCcoor Etooc R e C00Rt
3-5-2(X=0) A X=RR=H . =1
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L @

B Br NaGH or NaOD e
—_—
SWES H,0 or D,OTHF rJ
{ P
o N N g, R,
Etooc S %2CoyCcooet HoocS N‘GxZ Xy GCOOH
E100cCR2 ReCcooet Hooc Rz Ra®coom
3-8-1(X=H R=H) 3-Br-4-PS-TPMTA (X =H R=H)
38-2(X=H R=D) 3-Br-4-PS-dg-TPMTA (X = H, R = D)
3-8-3(X=D,R=D) 3-Br4-PS-d,;- TPMTA (X = 0, R =0}

Synthesis of compound 3-2: The 3-1 was synthesized according to the reported literature
(Kadjane et al., 2009). To a mixture of compound 3-1 (3.9 g, 10 mmol) and K,COs5 (2.7 g, 20

mmol) in acetone (50mL) CHsl was added (2.1 g, 15 mmol), and the mixture was stirred at
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room temperature for 24 h. Then the solvent was evaporated under reduced pressure. The
obtained crude product was purified by column chromatography (DCM: MeOH 50:1) to
deliver the compound 3-2 as a white solid (3.3 g, 82% vyield). *H NMR (400 MHz, CDCl3) § 8.76
(dd, J=7.9, 1.1 Hz, 1H), 8.16 (s, 1H), 8.13 (dd, J = 7.7, 1.1 Hz, 1H), 7.97 (t, J = 7.8 Hz, 1H), 4.51
(9,4 =7.1Hz, 2H), 1.48 (t, J = 7.1 Hz, 3H). HRMS (ESI) calcd for [C22H21N305 + H]* : 408.1554,
found: 408.1553.

Synthesis of compound 3-3: To a solution of compound 3-2 (3.3 g, 8.2 mmol) in acetic acid
(30 mL) NBS (4.3 g, 24.6 mmol) was added and the mixture was stirred under 60 °Cfor 4 h in
the dark. After cooling to room temperature, the mixture was poured into ice water and
neutralized with saturated K,COs solution. The residue was extracted with DCM (3x100 mL).
The organic phase was dried over dried over Na,SO, followed by filtering and removing
under vacuum. Purification of the crude product was achieved by column chromatography
(DCM : MeOH 100:1) to provide 3-3 as a white solid (3.6 g, 92% yield).'H NMR (400 MHz,
CDCl3) & 8.66 (dd, J = 8.0, 1.1 Hz, 1H), 8.24 (dd, J = 7.8, 1.2 Hz, 1H), 8.15 (s, 1H), 8.14 (d, J =
1.1 Hz, 1H), 8.01 (t, / = 7.8 Hz, 1H), 7.97 — 7.87 (m, 2H), 4.18 (s, 3H), 2.97 (s, 6H). HRMS (ESI)
calcd for [C22H20N30sBr + H]* : 486.0660, found: 486.0677.

Synthesis of 3-4: Compound 3-3 was dissolved in 250 ml EtOH, then NaBH, or NaBD, (5 eq)
was added under ice water bath condition. The mixture was stirred at room temperature for
12 h. After quenching reaction with saturated NaHCOs; solution, brown yellow filtrate was
obtained by suction filtration. The filtrate was extracted with dichloromethane and dried
over anhydrous sodium sulfate, filtered and dried to afford 3-4 as yellow solid.

Synthesis of 3-5: To a solution of 3-4 (1.02 g, 4.08 mmol) in 20 mL of CHCls, PBr;(1.20 mL,
12.25 mmol) was added at ice bath. The mixture was stirred under room temperature and
argon atmosphere for 5 h. Then the solution was poured into the ice water after cooling to
room temperature, The NaHCO3; was added to adjust the pH to weak alkalinity and the
mixture was extracted with DCM. The organic layer was dried over Na,SO,. The solvent was
removed in vacuo and the obtained residue was purified by silica gel column
chromatography to give the 3-5 as white solid.

To a solution of 3-5 in acetonitrile, diethyl iminodiacetate (3 eq) and potassium carbonate (4
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eq) was added. The mixture was stirred at 70 °C for 12 h. Then the mixture was filtered, and
the solvent of the filtrate was removed under vacuum, the residue was purified on silica gel
to give the 3-6 as yellow solid.

Synthesis of 3-7: To a solution of compound 3-6 in dry DMF (30 mL) POBr; (5 eq) was added
and the mixture was stirred under 105 °C for 2 h. After cooling to room temperature, the
mixture was poured into ice water and neutralized with saturated K,COj; solution. Then the
residue was extracted with ethyl acetate. The organic phase was washed with brine and
dried over Na,SO, followed by filtering and removing under vacuum. Purification of the
crude product was achieved by column chromatography to provide 3-7 as a white solid.
Synthesis of 3-8: Sodium benzene sulfinate (3 eq) and TBAB (0.5 eq) was added to a solution
of compound 3-7 in dry acetonitrile. The mixture was stirred at 90 °C under argon for 12 h.
After cooling to room temperature, the precipitate was filtered over celite. Then the solvent
was evaporated under reduced pressure. The obtained crude product was purified by
column chromatography to deliver the compound 3-8.

Synthesis of 3-9: To a solution of compound 3-8 in THF/H,0 (D,0) was added NaOH or NaOD
(6 eq) and the mixture was stirred under room temperature for 4 h. THF was evaporate
under vacuum and the residue was acidified 2 M HCl solution to pH 4-5 resulting in
precipitate. Collecting and drying the precipitate to give the tag 3-9 as yellow solid
3-Br-4-PS-TPMTA: HRMS (ESI) calcd for [Cs1H28BrNsO10S + H]*: 742.0814, 744.0793, found:
742.0811, 744.0798.

3-Br-4-PS-ds-TPMTA: HRMS (ESI) calcd for [CsiH20DsBrNsO:0S + HJ]*: 750.1316, found:
750.1319.

3-Br-4-PS-d1>-TPMTA: HRMS (ESI) calcd for [C3iH16D12BrNsO10S + H]*: 754.1567, found:

754.1562.

1.2 Expression and purification of non-deuterated and deuterated ubiquitin

The double mutations D39C/E64C of ubiquitin were used in this study. The cDNA of ubi was
cloned into the pET28a vector containing an ampicillin resistance and T7 promoter. The
plasmid was transformed in E. coli BL21 (DE3) CondonPlus strain for protein expression.

Expression of non-deuterated ubiquitin. Briefly, the cells were grown in 600 mL Luria broth
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(LB) medium at 37°C until ODeoo = 0.8, and then protein expression was induced by the
addition of 1.0 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) for overnight.

Expression of deuterated ubiquitin. The steps for deuterated protein expression were
performed according to previous reports. (Li and Byrd, 2022). In M9 minimal medium,
15NH,4Cl (98% °N) and 2H-glucose (98% 2H) were added as the sole source of nitrogen and
carbon with D,0 (99.9% ?H) as the solvent.

The bacterial cells were collected by centrifuge and lysed by sonication. Proteins were then
purified by two column chromatography steps, DEAE column (DEAE Sepharose FF, Cytiva)
and a size exclusion chromatography (HiLoad 16/600 Superdex 75, Cytiva). Pure ubiquitin
fractions were determined by SDS-PAGE and ESI-Q-TOF. The molecule weights of H N
ubiquitin D39C/E64C and 2H N ubiquitin D39C/E64C measured by mass spectrometry were
8527.3Da and 9107.6Da (all exchangeable protons are 'H), respectively. Another molecular
weight of 9218.7 observed in 2H *N ubi D39C/E64C mass spectrum corresponds to the mass
of 2H, °*N- ubiquitin D39C/E64C in which a few exchangeable *H were placed by H. Assuming
that the labeling efficiency of *N was 90%, the calculated deuterium labeling efficiency in °H

15N ubiquitin D39C/E64C is approximately 94.4%.

1.3 Protein labeling

Protein labeling with 4PS-5-Br-6PCA-DO3A-Gd(lll) or 4PS-5-Br-6PCA-ds-DO3A-Gd(lll). 0.2
mM 100 pL purified protein (*H, ¥*N ubiquitin D39C/E64C or 2H, *N u ubiquitin D39C/E64C)
was incubated with 0.4 mM tris(2-carboxyethyl)phosphine (TCEP) in 20 mM Tris-HCI at pH
8.5, and then treated with 10 equivalents tags at 30°C for 12 h. The reaction progress was
monitored by ESI-Q-TOF mass spectrometry. The excess tag was removed using a PD-10
desalting column (GE Healthcare Biosciences). The ligation products were freeze-dried for
subsequent experiments.

Protein labeling with 4PS-PyMTA or 3-Br-4PS-TPMTA. The ligation of the target protein to
4PS-PyMTA were carried out according to the previous reports (Yang et al., 2019). 0.2 mM
100 pL purified protein in 20 mM Tris-HCI at pH 8.5 was mixed with 0.4 mM TCEP, and then
treated with 10 equivalents of tags at 30°C for 12 h. After the reaction was completed, the

sample was filtered through PD-10 desalting column to remove the excess probe. The
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protein-PyMTA was mixed with 2.5 equivalents Gd(NOs)s in 20 mM MES buffer at pH 6.5. The

excess of metal ion was removed using a Millipore concentrator (3 kDa cutoff). Similarly,

3-Br-4PS-TPMTA was conjugated to the target protein using the same procedure, and the

deuterated tags were ligated to the target protein also in the same steps as the

non-deuterated tag.

For pulse EPR measurements, the spin-labelled protein conjugates were lyophilized and

redissolved in HEPES-D,0 buffer (pD 7.2) with 20% glycerol-ds (v:v). The final concentration

of proteins was 50 mM determined by UV280 with a Nanodrop one® (Thermo Science).

2. Mass spectrometry data

HRMS (EST+) of 4PS—5-Br—6PCA-DO3A-Gd3+

[M+H]*
855. 0271
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o
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876. 0105

856. 0283 . ]
i 878, 0060

bt bk “M\ il IIJJ|.J‘LIMHI.||‘ILL‘| ﬂl.JIJh.l‘ Wl L d v bl

J.‘M.

825 835 845 855 865 875 885 895 | 905 915 | 925
m/z (Da)

JJLI||JuJ&|J.L‘ MJH:

HRMS (ESTH) of APS 5 Br GPCA d6 DO3A Gd3t

[M+H]*

[M+K]*
86G1. 0669

[M+Na]* 905, 0261

862. 0623
BG3. 0662 882. 0429 906. 0314907, 0293

Exacl Mass. 859.0514

560, 0636 904. 027
1 884, 048( b

eliisialill .JlmJ it it L“..‘Iui\.m

Wt .Juuhh\ wld iJ W i

sl adaidladual LA.IHI dIIJIJL.UhLm..J‘..l. |JIJ\.I1

825 835 845  8h5 | BB5  B75 | 885 | BODA | 905 | 915 925 935
m/z (Da)

Figure S1. High-resolution mass spectra of 4PS-5-Br-6PCA-DO3A-Gd(lll)

and

4PS-5-Br-6PCA-ds-DO3A-Gd(Ill). The spectra were recorded on an ESI-Q-TOF mass

Sspectrometer.
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HRMS (EST1+) of 4PS—dS-PyMTA

[M+H]*
518. 1685

Q
ﬁ

,\N

HGC\C CODH

!

Exact Mass: 517 1606

[M+Na]*

519.1710  240.1500

—_—

"480 400 500 510 520 530 540 550 560 570 | S80
m/= (Da)

HEMS (ESI+) of 4PS-dl12-PyMTA

. [M+H]*
® _
521. 1861
0=5=0
HOCIC\_,\D2 ﬂ, 5 D1C’COOH
PDCC\P N N ,CDDH
& NEE 522. 1918

Exact Mass: 521.1857
520, 1804

[M+Na]*

519.1740| | s 1ons 543. 1682

542, 162

480 490 500 510 | 520 | 530 540 550 560 570 580
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Figure S2. High-resolution mass spectra of 4PS-ds-PyMTA and 4PS-d1,-PyMTA. The spectra
were recorded on an ESI-Q-TOF mass spectrometer.
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Figure S3. High-resolution mass spectra of 3-Br-4PS-TPMTA, 3-Br-4PS-ds-TPMTA and
3-Br-4PS-d1,-TPMTA. The spectra were recorded on an ESI-Q-TOF mass spectrometer.
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Protein Predicted Mass Observed Mass
Obs: 8527.3
IH N Ub
D39C/E64C 8526.9 8527.3
2H 5N Ub
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"H N ubi D39C/E64C D39C/E64C
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level in 2H **N (assume 90% *°N labeling
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Mass / Da

Figure S4. (A) Mass spectra of purified *H, *N ubiquitin D39C/E64C and 2H, °N ubiquitin
D39C/E64C). (B) Isotopic labeling efficiencies. The spectra were recorded on an ESI-Q-TOF
mass spectrometer. All exchangeable protons, such as -NH,, -NH, -SH, -COOH, -OH, are
calculated as H. The molecular weight of 9218.7 observed for 2H, N ubiquitin D39C/E64C
mass spectrum corresponds to the mass of ?H, >N ubiquitin D39C/E64C in which a few
exchangeable protons (*H) are replaced by H.
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Figure S5. The ESI-Q-TOF mass of ubiquitin D39C/E64C before and after
4PS-5-Br-6PCA-(d,)-DO3A-Gd(Ill) modification. (A)'H, ¥*N ubiquitin D39C/E64C, (B) °H, **N
ubiquitin D39C/E64C.
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Figure S6. The ESI-Q-TOF mass of ubiquitin D39C/E64C before and after 4PS-(d,)-PyMTA
modification. (A)*H, 2N ubiquitin D39C/E64C, (B) ?H, *°N ubiquitin D39C/E64C.
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Figure S7. The ESI-Q-TOF mass of ubiquitin D39C/E64C before and after 3-Br-4PS-(d,)-TPMTA
modification. (A)*H, N ubiquitin D39C/E64C, (B) %H, >N ubiquitin D39C/E64C.
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3. Mims ENDOR data

Table S1. Hyperfine couplings of the various protons in Gd-PyMTA and Gd-TPMTA obtained
from Mims ENDOR spectra and the corresponding Gd-H distances r.

Gd-PyMTA-dn Gd-TPMTA-dn

Hyperfine | 1260-1720 | 900-920 | 440-450 | 140-170 | 1530-1940 | 940-990 | 450-510 | 200-270
coupling

al, kHz

Gd-H 3.5-3.9 4.3 5.5 7.6-8 3.4-3.7 4.2-4.3 5.5 6.5-7.2
distance

ra, A
% was calculated using the equation: a, = 4’% (geg;‘#), where Lo is vacuum magnetic

permeability, g and gn are electron and nuclear g-values, us and u, are Bohr magneton and

nuclear magneton, respectively, h is the Planck constant, and r is the Gd—H distance; the

hyperfine coupling was assumed to be purely dipolar.

4. Examples of Hahn echo decay data
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Figure S8. Examples of Hahn echo decay data of samples that are indicated in the figure, and

their fit to a stretched exponential function, the parameters of which are given in each panel.
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5. Testing for instantaneous diffusion
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Figure S9. (A) Normalized Hahn-echo decay traces of 200 piM Gd-PyMTA measured at the CT
for a n/2 pulse of 15 ns and varying the second pulse (refocusing) lengths for a fixed power.
(B) The dependence of 1/Tyon sin’(6,/2), where 1/Tyis given in (C) and 6, is the flip angle,
with 30 ns corresponding to a x pulse (see eq. S1). Linear regression gave a slope of
-6.9x10°#4.2x10* us™* and an intercept of 0.082+0.0002 us™. The slope obtained shows a
remarkable agreement with the calculated contribution for 200 uM according to eq. S1,
giving a slope of -6.94x10° us™. This confirms the very small contribution of instantaneous
diffusion to the phase relaxation. (C) The dependence of 1/T,, determined from fitting the
traces in A, on the second pulse length. (D) The same as C for .
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6. Inversion recovery data
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Figure $10. Examples of inversion recovery data of the samples indicated in the figure, and
the fitting parameters are noted in each panel.
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Figure S11. Field dependence of 1/T; and 1/T,, of the samples noted in the figure, measured
at 10 K.
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7. Calculations of Tip and Tsp

The contribution of Tip to the echo decay is given by: (K. M. Salikhov, 1979; Mitrikas, 2023)

1 (2Sa+1)8m? py o 2 . 20,
T o a 9\/5471,19,4#36‘451" > (S1)

where Ca is the concentration of the A spins ( spins per volume), and 6 is the rotation angle
of the second pulse in the Hahn echo sequence. We calculated 1/Tip as a function of
concentration for Gd-PyMTA and Gd-TPMTA, assuming that 6&,=180°. This is an
approximation, as it should be averaged over the hole burned in the EPR spectrum for
broad-line EPR spectra. We estimated the A spins concentration to be 7% and 2% of the total
spin population (based on DEER modulation depth measurements) for Gd-PyMTA and
Gd-TPMTA, respectively. The results of the calculations are given in Fig. S12. The
contribution of 1/Tp is negligible, in agreement with the experimental results. We also
calculated the Tspr1 for the two complexes according to : (K. M. Salikhov, 1979; Mitrikas,
2023)

1 _ i (253"‘1)%& 2 B
Tspr1 14 s+ oyzamnnJa 9sH5Cs/Ti (S2)

and the results are also shown in Fig. $12, taking Cg~C. The contribution of 1/Tsp11 is
significant. Comparison with Fig. 4a and d shows that it is somewhat overestimated
compared to the experimental results. Considering that T; is underestimated as it was
measured by inversion recovery, polarization was not considered, and the stretch
exponential character of the measured 1/T,, the agreement is reasonable. Unfortunately,
the spread of the experimental points cannot reliably reproduce the shape at the low
concentration end.

Gd-PyMTA Gd-TPMTA

0.14 0.14

1T,

0.12 4 0.12 m
0.1 1T, _ 0.1
2 0.081 2 0.08-

£ E

E 0.06- E 0.05-

- - Ty
0.04 1 1so 0.04

0.02 + 1T, 0.02 UTg

0 : : T 0 T T 7
0 50 100 150 200 0 50 100 150 200
[Cl, uM [C], uM

Figure $12. Calculated concentration dependence of 1/Tip (black) and 1/Tsp (red) and their
sum (red) together with the experimental 1/T(0) for Gd-PyMTA (T:=42 us) and Gd-TPMTA
(T1=35 us).
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8. Examples of 2-5 CP echo decays.

Table S2: The phase cycles used for the CP1-5 experiments, where “+” = “+x”, “-” = “—x".
Phase cycling was performed on every m-pulse, except for the last one, to eliminate the
unwanted echo pathways. The /2 pulse phase cycle was applied to compensate for baseline
effects. The phase of the 7t/2 pulse always corresponded to the phase of the detector

CP1
# | n/2 | m | detect

+ + |+

- + | =
CP2
# | /2 |m | m | detect
1 |+ + + +
2 |+ - + +
3 |- + + -
4 |- - + -
CP3
# |m/2 |m | m | ms | detect
1 |+ + + + +
2 |+ + - + +
3 |+ - + + +
4 |+ - - + +
5 |- + + + -
6 |- + - + -
7 |- - + + -
8 |- - - + -
CP4
# (/2 |m |m | ms | ms | detect
1 |+ + + + + +
2 |+ + + - + +
3 |+ + - + + +
4 |+ + - - + +
5 |+ - + + + +
6 |+ - + - + +
7 |+ - - + + +
8 |+ - - - + +
9 |- + + + + -
10 | - + - + -
11 | - + - + + -
12 | - + - - + -
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CP5 Gd-PyMTA 25uM

CP3 Gd-PyMTA 200uM
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Figure $13. Examples of echo decays for CP experiments with n=2-5 for the samples noted in
the figure and their fit to a stretched exponential function. The fitting parameters are given in
each panel.

9. Effect of stimulated echo on full CP train decay

To evaluate the effect of overlapping stimulated echoes on the refocused echoes in the CP
trains, we carried out calculations of the echo train taking into account the pulses’
bandwidth (duration) along with the EPR linewidth according to earlier reports (Zaripov et al.,
2021; Mitrikas, 2023). We assumed an effective spin of S=1/2 and focused on Gd-PyMTA,
which has a narrow CT with a FWHH (full width at half height) of 60 MHz. In Fig. S14, we
present the stimulated and refocused echo produced for n=2 and t:#t; along with
simulation results. We see that the stimulated echo intensity is significant, and the shape
and relative intensity of the two echoes can be reproduced rather well.
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Figure S14. (A) The experimentally observed stimulated (first) and the refocused echo
(second), obtained with n=2 and 7/2 and 7z of 15 and 30 ns and ©:=500 ns and t,=700 ns.
Measurements were at the maximum of the CT of Gd-PyMTA. (B) Simulations with the pulse
lengths and pulse intervals used in the experiment, an EPR linewidth of 60 MHz, and the T;
and Tn values are noted in the figure.

Next, we calculated the full CP train with the sequence parameters used in the experiment.
Simulations were carried out for a spectral width of 60 MHz (selective excitation) and for 6
MHz (non-selective excitation) for T»=20 us and T1=45 us, parameters like those found in our
samples. The echo train decays in the two cases, given in Fig. S15, are very similar and could
be simulated with an exponential decay with =1 and very similar Tm values of 20.120 and
20.095 ps for the selective and non-selective pulses, respectively. This analysis was done
with integrated echos. We note that the width of the integration window affects the derived
T values because of the shape of the stimulated echo (see Fig. S14). This result is quite
surprising because the formation of the stimulated echoes for the selective pulses should
introduce contributions of T1. A possible reason that the Ty’s for selective and non-selective
pulses are so close could be that the values of T, and T; are close. In the ideal case where
Tw=T1, one should not see a difference.

14 -+ non-selective, fit
> non-selective
24 E— select!ve .
o selective, fit
£
206
(5}
i}
3
I 0.4+
©
£
S 0.2 1
Z
0

0 10 20 30 40 50 60 70 80
Time, us

Figure S15. The full CP train decays, calculated for non-selective and selective pulses (same
parameters as in Fig. $14) with T»,=20 us, T:=45 us, =290 ns, and the corresponding fits.
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To explore the effect of T1 we carried out simulations of the full CP train for Tm=15 us, =290
ns and T1=45 us or T1=45 ms for a spectral width of 60 MHz (selective pulses). The results are
given in Fig. $16. Fig. S16A compares the experimental train with the two calculated traces;
zooms on the early and late times are presented in Figs. S16 B,C. The decay traces, presented
in Fig. 16 D,E, are very similar and could be simulated with a single stretched exponential
decay with T,=13 ps and =0.89 for T1=45 ps and T»=13.3 ps and [3=0.88 for T1=45 ms. This
indicates that the effect of the stimulated echo is minor and causes underestimation of Tn,
once the echos’ intensity are determined by integration. As shown by Mitrikas and
co-workers, the effect of selective pulses is twofold: on one hand, they enhance the decay of
the refocused echo due to the redistribution of the echo profile as a result of selective
excitation and on the other hand, they slow its decay by overlapping with stimulated echoes
(an extensive theoretical and experimental study of the effect of selective pulses on CPMG
decays will be published elsewhere by the Mitrikas lab). These contrasting effects may result
in only a modest change in Tr, as we observed. The presented simulations show that the two
distinct populations with different relaxation properties, observed in the Gd(lll) full CP train
experiments, are not a consequence of the unwanted stimulated echoes due to selective

pulses.
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Figure $16. (A) Experimental (black) full CP train of Gd-PyMTA (25 uM, 10 K), recorded with
/2 and 7 pulses of 15 and 30 ns, =290 ns, with simulations using these parameters and EPR
linewidth of 60 MHz, T»,=15 us and T:=45 us (blue) and T:=45 ms (green). (B,C) Same as (A)
zooming at different time regions. (D,E) Decays of the calculated echo trains and their fits.

Finally, to ensure that the observation of two populations in the Gd(lIl) full CP train decays is
not due to an experimental artifact, we carried out similar measurements on a nitroxide spin
label, 100 uM MTSL dissolved in D,O/glycerol-ds (25% glycerol v/v), shown in Fig. S17. The
measurements were carried out at 40 K at the maximum of the ED-EPR spectrum (Fig. S17A)

with ©/2 and © pulse lengths of 20 and 40 ns. The Hahn echo decay could be fitted with a
S22



single stretched exponent (Fig. S17B), and the values are given in the figure. The T
measurements are shown in Fig. S17C. The spectrum of the nitroxide is broader than the CT
of Gd-PyMTA and the pulses are longer; therefore, the stimulated echo's intensity is larger
than the refocused echo for n=2 (Fig. S17D). The CP train is presented in Fig. S17E, and its
decay, given in Fig. S17F, could be fitted with a single stretched exponent with parameters
depicted in the figure. This further supports that the observation of two populations for the
Gd-complexes is intrinsic to the Gd(lll) samples and is not an experimental artifact.
Interestingly, Q-band relaxation data published recently on nitroxide radicals reported that
Hahn echo decay had to be fitted with two populations, using the so-called SSE mechanism
(Soetbeer et al., 2021), in contrast to one population observed at W-band.
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Figure S17. (A) ED-EPR of 100 uM MTSL dissolved in D,O/glycerol-ds (25% glycerol v/v)
recorded at 40 K. (B) Hahn echo decay measured at the maximum of the ED-EPR spectrum
and the fit with one stretched exponential decay. (C) Inversion recovery experiment to
determine T; and f. (D) The echoes observed for CP2 and intervals of t:=500 ns and 7,=700 ns;
the first is the stimulated echo, and the second is the refocused echo. (E) The full CP train. (F)
The decay of the echoes in the train and its fit. All fit parameters are shown in the

corresponding panels.
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10. Example of Hahn echo decays and CP data on labeled proteins.

'H-ubiquitin-Gd-PyMTA 25 uM
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Figure S18. Examples of echo decays of the spin-labeled proteins noted in the figure, and
their fit to a stretched exponential function. The fitting parameters are given in each panel.
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Figure $19. Examples of full CP train decay of the spin-labeled proteins noted in the figure

and their fit to a sum of two stretched exponential functions with the following parameters:
Tm=6.41 us, 6=1.24, A=0.28, T;=26.99 us, 6,=0.86 for H-ubi Gd-PyMTA; Tn=7.43 us,
6=1.04, A=0.19, T,,s=26.22 us, 6:=0.79 for ’H-ubi Gd-PyMTA; and T, =5.37 us, 6;=2.46,
A=0.34, Tp,=20.22 us, 8,=0.77 for °H-ubi Gd-TPMTA-d..
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11. Effect on HEPES and glycerol content of the Hahn echo decay of Gd-PyMTA
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Figure $20. Comparison of 1/T (A) and 3 (B) for Hahn echo decays for different complexes
with concentrations [C]=25 uM for Gd-PyMTA and ubiquitin labeled with Gd-PyMTA. The
ratios refer to the D,0:glycerol-dgin the sample (v/v) and HEPES refers to the presence of the
HEPES buffer.

12. DEER data.
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Figure $21. DEER data of ubiquitin D39C/E64C labeled with Gd-DO3A and Gd-PyMTA. (A) The
primary normalized DEER traces with the background decay function. (B). The DEER traces
after background subtraction with the fitted data obtained with Tikhonov regularization
using DEER analysis (Jeschke et al., 2006). (C) The corresponding distance distribution.
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13. Table with overview of T, and f values

Table S3 : Overview of the T, and [ values of the samples studied in this work, measured by
Hahn echo at the CT and 10 K.

Sample Conc. T (us) B
(uM)

Gd-PyMTA 50 16.53+£0.77 1.21 £ 0.07
Gd-PyMTA-ds, 50 19.59+0.31 1.14 £ 0.05
Gd-PyMTA-d1; 50 18.41+0.84 1.16 £ 0.08
Gd-TPMTA? 50 9.96 £ 0.57 0.92 £0.03
Gd-TPMTA-dg® 50 10.09+1.33 0.94 £0.07
Gd-TPMTA-d;7? 50 9.75+0.42 0.90+£0.04

1H protein 2H protein H protein 2H protein
Ubi-Gd-PyMTA 25 8.1+0.04 9.73£0.05 1.43+0.01 1.38+0.01
Ubi-Gd-PyMTA-ds 25 8.25+0.04 9.1+0.05 1.33+0.01 1.27+0.01
Ubi-PyMTA-d1, 25 8.18 £ 0.03 9.1+0.07 1.35+0.01 0.99+0.01
Ubi-Gd-TPMTA? 50 54+0.6 52103 1.19+0.04 0.99+0.01
Ubi-Gd-TPMTA-dg® 50 6.2+0.6 6.6+04 1.02 £ 0.05 1.00 £ 0.02
Ubi-Gd-TPMTA-d;? 50 56+0.3 9.1+0.05 1.02£0.02 1.27+0.01
Ub-Gd-DO3A 50 8.98 £ 0.04 8.09+0.04 1.05+0.01 0.912 £ 0.004
Ub-Gd-DO3A-ds 50 8.77 £0.04 9.34+ 0.05 1.014 £ 0.004 0.916 £ 0.004

?Average of measurements carried out at fields 1,2, and 3.
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