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To determine the coordination of Cu2+-NTA to dHis sites, three-pulse electron-spin echo envelope 

modulation (ESEEM) experiments1,2 were performed at 20 K with a Bruker ElexSys E680 X-band FT/CW 

spectrometer with a Bruker EN4118X-MD4 resonator. The pulse sequence was (π/2)− −(π/2)−t−(π/2)−  𝜏  𝜏

−echo. The first pulse delay time, , was 140 ns. The second pulse delay time, t, was 288 ns and lengthened 𝜏

by 16 ns for each iteration. The experiments were performed at the magnetic field with the most intense 

echo based on the echo-detected field sweep. Four-step phase cycling was used to eliminate the undesired 

echoes. The data were acquired for ca. 20 min. A stretched exponential decay was fitted to and subtracted 

from the time-domain raw ESEEM signal. Hamming was applied to filter the background noise, followed 

by zero filling with 2048 points. Fast Fourier Transform was employed and the absolute value was taken to 

form the ESEEM spectra, which has been shown in Fig. S1B.

Fig. S1: (A) CW simulations of dHis-Cu-NTA labeled hGSTA1-1 with GSHex. The simulation was 
performed using EasySpin.3 The black solid is the experimental data, and the red dashed is the best fit 
simulation. One-component fit was obtained with , , G and 𝑔 ∥ = 2.277 𝑔 ⊥ = 2.057 𝐴 ∥ = 161.6 

G. The  and  values are consistent with multi-nitrogen coordination to Cu2+.4,5 (B) 𝐴 ⊥ = 10.7 𝑔 ∥ 𝐴 ∥

ESEEM experiment was performed on the same sample. Characteristic peaks around 0.5, 1, 1.5 MHz, and 
ca. 4 MHz suggests histidine coordination to Cu2+. The double peaks around 2 MHz indicate solvent 
deuterium. The raw time-domain of the ESEEM is shown as inset.



3

Fig. S2: Fitting of experimental FS-ESE spectrum of dHis-Cu2+ labeled hGSTA1-1. The simulated FS-ESE 
is systematically tested with different Lorentzian broadening parameter, , values of (A) 30 G, (B) 40 G, 𝛽
and (C) 50 G. We note that phase memory times vary across the magnetic field,6 which was not accounted 
for in our FS-ESE simulations. Hence, there may exist some difference in the intensity of the experimental 
versus simulated spectrum. Nevertheless, with a  of 30 G, the intensity at the region of ca.11800 G is 𝛽 𝑔 ⊥  

not properly fitted. However, a  of 50 G leads to a loss of features at the  region of ca.10500 G to 𝛽 𝑔 ∥

ca.11000 G. Therefore,  of 40 G is a good compromise between the features at  and the intensity at 𝛽 𝑔 ∥

. 𝑔 ⊥



4

Fig. S3: Plots of the number of excited spins as a function of threshold parameter, , at different fields 𝛼
across the simulated FS-ESE spectrum for  of (A) 30, (B) 40, and (C) 50. At each field, the plot contains 𝛽
three regions. The first region contains a sharp decay of the number of the excited spins at low  values. 𝛼
This region indicates that low  leads to oversampling of spins. This is a result of the slow decay of I(B) 𝛼
since each Lorentzian goes to 0 only at a magnetic field of infinity. The second region shows a plateau 
where the change in  does not significantly change the number of excited spins. The third region shows a 𝛼
further decay of number of spins at high  values. In this region the choice of  leads to a undersampling. 𝛼 𝛼
The optimal  value for each in  was chosen using the criteria that this value provides a stable count (i.e. 𝛼 𝛽
is in the flat region) for all fields. This  value is shown by dashed line in the top panel. The bottom panel 𝛼
shows the  curve and the three identified fields for each  value with the corresponding optimal  value Φ 𝛽 𝛼
shown in the top panel.
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Fig. S4: Directions of  and  within the dHis-Cu2+-NTA complex. dHis-Cu2+-NTA is an octahedral 𝑔 ∥ 𝑔 ⊥

complex with Cu2+ being a d9 system. Such complexes experience Jahn-Teller effect, leading to the axial 
elongation. The imidazole nitrogen atoms bind to Cu2+ equatorially, leading to the  perpendicular to the 𝑔 ∥

equatorial plane.
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Fig. S5: The left column shows the distribution of probed  from DEER simulations with a ca.38 MHz 𝜃
observer pulse and 100 MHz pump pulse after iteration 1(A), iteration 2 (B), iteration 3 (C), and iteration 
4 (D). Iteration 1, 2, 3 and 4 represent DEER simulations at 100 G, ca.827 G, ca.580 G and ca.340 G lower 
than the maximum of the ESE-FS spectrum. The first three fields are identified in Fig. 5. The dashed line 
represents an ideal sinusoidal probability of  distribution. Overall, only a slight improvement in the 𝜃
sampling of , when compared to Fig. 5A in the main text, is observed. The right column of the figure 𝜃
shows the DEER intra-molecular signal from the corresponding probed  distribution shown in the left. The 𝜃
solid blue line represents the probed DEER signal. The dashed black line represents an ideal DEER signal, 
assuming all spin-pairs in the in-silico model are excited. The fourth DEER does not improve the DEER 
signal when compared to the DEER from only three fields, shown in Fig. 5B of the main text.
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Fig. S6: Averaged DEER time traces simulated with the optimal DEER collection method. The solid blue 
curves are the simulated DEER time traces, compared to a DEER time trace with all spins excited. The 
simulation set  and , and iterates through  and  from  to .𝜂 = 20° 𝜎𝛾 = 𝜎𝜒 = 𝜎𝜂 = 10° 𝛾 𝜒 0° 90°
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Fig. S7: Averaged DEER time traces simulated with the optimal DEER collection method. The solid blue 
curves are the simulated DEER time traces, compared to a DEER time trace with all spins excited. The 
simulation set  and , and iterates through  and  from  to .𝜂 = 40° 𝜎𝛾 = 𝜎𝜒 = 𝜎𝜂 = 10° 𝛾 𝜒 0° 90°
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Fig. S8: Averaged DEER time traces simulated with the optimal DEER collection method. The solid blue 
curves are the simulated DEER time traces, compared to a DEER time trace with all spins excited. The 
simulation set  and , and iterates through  and  from  to .𝜂 = 60° 𝜎𝛾 = 𝜎𝜒 = 𝜎𝜂 = 10° 𝛾 𝜒 0° 90°
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Fig. S9: Averaged DEER time traces simulated with the optimal DEER collection method. The solid blue 
curves are the simulated DEER time traces, compared to a DEER time trace with all spins excited. The 
simulation set  and , and iterates through  and  from  to .𝜂 = 80° 𝜎𝛾 = 𝜎𝜒 = 𝜎𝜂 = 10° 𝛾 𝜒 0° 90°
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Fig. S10: The left column in (A) and (B) shows the averaged DEER time traces simulated at three and four 
magnetic fields, respectively. Random noise has been added to the time-domain signals to represent real-
life measurements. In addition to the three identified fields, one more field at 338 G lower than the 
maximum of FS-ESE spectrum make the four-field acquisition scheme. The solid black curves are the 
simulated DEER time traces, and the red dashed curves are the best fit from DEERAnalysis,7 for the 
corresponding angles. The right columns in (A) and (B) show the resulting distance distributions as black 
solid curves generated by CDA8,9 for ,  and ; ,  and ; , 𝜂 = 0° 𝜒 = 20° 𝛾 = 40° 𝜂 = 0° 𝜒 = 20° 𝛾 = 60° 𝜂 = 0°

 and ; ,  and  respectively, that have shown some deviation from the 𝜒 = 40° 𝛾 = 60° 𝜂 = 0° 𝜒 = 40° 𝛾 = 80°
expected DEER signal in Fig. 8. The uncertainty in the distributions is shown in grey shading. The blue 
dashed curve shows the expected distance distribution.
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Fig. S11: (A) Distribution of probed  from two DEER simulations with a ca.38 MHz observer pulse and 𝜃
300 MHz pump pulse. Iteration 1 and Iteration 2 represents DEER performed at 100 G and ca.740 G lower 
than the maximum of the ESE-FS spectrum. The dashed line represents an ideal sinusoidal probability of 

 distribution. (B) The DEER intra-molecular signal from the DEER simulation is shown as the solid blue 𝜃
line. The black dashed line represents an ideal DEER signal assuming all spin-pairs in the in-silico model 
can be excited.
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Fig. S12: (A) Pump and observer pulses exciting regions of the FS-ESE spectrum, depicted by the blue and 
orange region, respectively. The pump excitation is centered at 11592 G, while the observer excitation is 
centered at 11259 G. These pulses represent a total excitation bandwidth of 1.6 GHz. (B) Distribution of 
probed  from a single DEER simulation with a 0.8 GHz observer pulse and 0.8 GHz pump pulse at regions 𝜃
depicted by (A). The dashed line represents an ideal sinusoidal probability of  distribution. (C) The DEER 𝜃
intra-molecular signal from the DEER simulation is shown as the solid blue line. The dashed black line 
represents an ideal DEER signal assuming all spin-pairs in the in-silico model can be excited.
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Fig. S13: (A) Primary Hahn echo decay data. Due to the TWT gate time limit, the full two-pulse decay 
could not be collected. The best fit using the stretched exponential decay shows a phase memory time, Tm, 
of over 9 . (B) Primary inversion recovery data and fit of the stretched exponential decay with the form 𝜇𝑠

 for the 800 M Cu2+-NTA labeled hGSTA1-1 mutant. The best fit, shown as the 𝐼(𝑡) = 𝑐 ∗ [1 ‒ 2 ∗ 𝑒
‒ (

𝑡
𝑇1

)𝑦

] 𝜇

dashed red line, suggests that .𝑇1 = 418 ± 84 𝜇𝑠
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Fig. S14: The primary DEER time domain collected at each magnetic field shown in Fig. 10A, normalized 
to the intensity of the field-swept spectrum.
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Fig. S15: (A) The Q-band DEER data collected at three magnetic fields was analyzed using Tikhonov 
regularization in black dashed curve,10  comparative DEER Analyzer (CDA) in black solid curve,8,9 as well 
as DD11–13 in black dash-dot curve. The uncertainty in the distributions is presented in grey shade. Only the 
5.3 nm distance, labeled by the vertical red dashed line, is consistently shown by all analysis tools. (B) L-
curves by Tikhonov regularization10 and -values in full circles are for the summed Q-band DEER using 𝛼
the minimal DEER collection method (shown in black) and X-band DEER (shown in grey). (C) The X-
band DEER data was analyzed using Tikhonov regularization in black dashed curve,10  CDA in solid black 
curve,8,9 as well as DD11–13 in black dash-dot curve. The uncertainty in the distributions is presented in grey 
shade. Only the 5.3 nm distance, labeled by the vertical red dashed line, is consistently shown by all analysis 
tools. The X-band distance distribution agrees with the Q-band DEER results using the  skewed method.𝑔 ∥
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