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1. Chemical structures of ubiquinone-8, menaquinone-8 and phylloquinone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Chemical structures of ubiquinone-8, menaquinone-8 and phylloquinone (from top to the 
bottom). 

 
2. Analysis of proton HYSCORE spectra 
 

2D-HYSCORE spectra were recorded using the sequence (π/2 - τ - π/2 - t1 - π - t2 - π/2), where the 
inverted three-pulse echo generated at a time τ after the last pulse is measured as a function of t1 and t2 (1). 

A nucleus with I = ½, such as 1H has two nuclear transition frequencies, να and νβ, corresponding 
to two states of the electron spin in the applied magnetic field. In a HYSCORE spectrum, off-diagonal 
cross-peaks (i.e. correlations) (να, νβ) and (νβ,να) are created, whose coordinates are nuclear transition 
frequencies from opposite electron spin manifolds. Orientationally disordered (i.e. powder) spectra of I = 
½ nuclei (Zeeman frequency νI) reveal, in the form of cross-peak contour projections, the interdependence 
between να and νβ in the same orientation. In the present analysis, we assume axial symmetry for the 
hyperfine tensors (2-4). In this case, the hyperfine interactions are determined by two components, A⊥, 
where the direction of magnetic field is perpendicular to the symmetry axis, and A||, where the direction of 
magnetic field is parallel to the symmetry axis. The correlation patterns in the powder HYSCORE 
spectrum for axial hyperfine interactions are linear functions in a plot of ν2

α(β) versus ν2
β(α) and can be 
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described by Equation S1(5,6): 
ν2

α(β) = Gα(β) + Qα(β)ν2
β(α)  (Eq. S1) 

where the slope Qα(β) is 
Qα(β) = (T+2Aisom 4νI)/(T+2Aiso± 4νI)  (Eq. S2) 

and the intercept Gα(β) is 
Gα(β) = ± 2νI[(4νI

2-A iso
2+2T2-A isoT)/(T+2Aiso± 4νI)]  (Eq. S3) 

For each cross-peak, the frequency values along the ridge can be plotted as ν2
α versus ν2

β and Gα(β) 
and Qα(β) can be determined by linear fit of plotted data points. These values can then be used to obtain 
two possible solutions of isotropic (Aiso) and anisotropic (T) couplings with the same value of |2Aiso+T| 
and interchanged |A⊥| = |A iso-T| and |A ||| = |A iso+2T| (6). 

The coordinates (να, νβ) of arbitrary points along the ridge formed by the lowermost contour for each 
proton cross-peak were measured from the HYSCORE spectra shown in Figure 2 and plotted as sets of 
values for ν2

α versus ν2
β as shown in Figure S2. Fitting of the plotted data points by linear regression gives 

the slopes and intercepts shown in Table S1. While the larger frequency of each point was arbitrarily 
selected as νβ and the smaller was selected as να for peaks 1, 2 and 3, in contrast the opposite assignment 
of the nuclear frequencies was chosen for peak 4, i.e. νβ<να. One can see that the points of cross-peaks 4 
with the opposite assignment fit the same straight line as the points of peaks 3. This procedure allows one 
to show that cross-peaks 3 and 4 belong to the same exchangeable proton (H3). Peaks 1 and 2 result from 
protons H1 and H2. Table S1 shows all possible signs for each set (Aiso, T) satisfying Eqs. (S2) and (S3), 
given that the analysis described in the text provides only relative signs of Aiso and T values (4,6,7). 

 

 
 
Figure S2. Plots of cross-peaks 1,2,3,4 from HYSCORE spectra (Fig. 2) for MSQD in nitrate reductase in 
the ν2

α versus ν2
β coordinate system. The straight lines show the linear fit of plotted data points. The 

dashed line is defined by ν2
α = ν2

β and corresponds to the diagonal in the (++) quadrant of HYSCORE 
spectra. 
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Table S1. Parameters derived from contour lineshape analysis of HYSCORE spectra for MSQD 
in NarGHI. 
 

Proton Qα Gα, MHZ2 (A iso,T), MHz 

H1 (peaks 1,1’) -0.6539 (0.003) 343.67 (0.70) 
m 6.78, ±1.25 
±5.53, ±1.25 

H2 (peaks 2,2’) -0.8997 (0.003) 411.42 (0.76) m 2.14, ±1.18 
±0.96, ±1.18 

H3 (peaks 3,3’,4,4’) -0.8192 (0.003) 423.37 (0.88) m 5.79, ±5.73 
±0.06, ±5.73 

 
 
3. Proton four-pulse ESEEM spectra 
 

In the one-dimensional version of the four-pulse experiment, the time τ between first and 
second pulses is kept constant and the times t1 = t2 are increased stepwise. The set of four-pulse 
envelopes recorded at different τ values forms a blind spot free two-dimensional data set. In 
powder ESEEM spectra, the frequency of the sum combination harmonic maximum (ν+) from an 
I = ½ nucleus (proton in this case) with hyperfine coupling Aiso and T is described by Equation 
(S4) (8): 
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One can note that values of (2Aiso+T)2 determined for exchangeable protons are significantly less 
than 16νI(

1H)2 (3.46 × 1015 MHz2 in this case) (Table S2). This means that a simplified equation 
for the shift ∆ = ν+-2νI = 9T2/16νI is applicable in this case and allows for a direct estimation of T 
from the shift of the sum combination peak from 2νI. 
 
Table S2. Shift of the frequency of the sum combination harmonic maximum expected in a four-
pulse ESEEM spectrum according to the analysis of the HYSCORE spectra. 
 

Proton (A iso,T), MHz |2Aiso +T| (MHz) |2Aiso +T|2 (MHz2) ∆ (MHz) 

H1 
m 6.78, ±1.25 
±5.53, ±1.25 

12.31 1.52e14 0.06 

H2 
m 2.14, ±1.18 
±0.96, ±1.18 

3.1 9.61e12 0.05 

H3 m 5.79, ±5.73 
±0.06, ±5.73 

5.85 3.42e13 1.26 
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4. Simulation of the Q-band deuterium Mims ENDOR spectrum 
 

The Q-band 2H Mims ENDOR spectrum shown in Figure 4 was simulated using an 
isotropic convolutional ENDOR line width of 47 kHz (full width at half maximum). Suppression 
of signal intensity around the deuterium Larmor frequency known as the central Mims hole, has 
been explicitly taken into account in the simulation (9). An experimental τ value of 200 ns was 
chosen as a compromise to get high electron spin echo intensity while having a narrow central 
Mims hole. A partial orientation selection due to the finite length of the microwave pulses was 
also included in the simulation. 
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