
Electron paramagnetic resonance approaches to study
biologically relevant reactions: examples from amyloid
aggregation to enzymes
Passerini, L.

Citation
Passerini, L. (2025, September 2). Electron paramagnetic resonance
approaches to study biologically relevant reactions: examples from amyloid
aggregation to enzymes. Retrieved from https://hdl.handle.net/1887/4259362
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/4259362
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4259362


75 
 

Chapter 4. 

High-Frequency EPR investigation of a Short-Lived Reaction 

Intermediate in Small Laccase (SLAC) 
 

A publication of the work described in this chapter is in preparation: L. Passerini, E.J.J. 

Groenen, M. Huber “High-frequency EPR investigation of a short-lived reaction intermediate 

in Small Laccase (SLAC)”, to be submitted. 
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4.1 Introduction 

 

Laccases, or Multi-Copper-Oxidases (MCOs), are a class of multi-domain copper enzymes, 

which catalyze the oxidation of a variety of substrates coupled to the reduction of molecular 

oxygen to water [1-6]. Those enzymes play essential roles in all types of organisms, from iron 

metabolism in humans to lignin degradation in bacteria [1, 2, 7]. Especially bacterial laccases 

are interesting in industrial applications, due to the broad range of substrates and pH and 

thermal stabilities [6, 8, 9]. The common feature in MCOs is the presence of at least one of 

three characteristic copper sites: type-1-Cu (T1Cu), type-2-Cu (T2Cu) and type-3-Cu (T3Cu), 

each with distinct spectroscopic characteristics. The T1Cu shows a strong absorption at 600 

nm in the UV-Vis spectrum, and a copper hyperfine splitting in the parallel direction of 100-

180 MHz in the 9 GHz EPR spectrum [10, 11]. The T2Cu does not absorb in the UV, and the 

EPR spectrum shows  a larger hyperfine splitting of 500-600 MHz in the parallel direction [3, 

10, 11]. The T3Cu consists of two antiferromagnetically coupled copper atoms, rendering it 

EPR silent, and shows a weak band in the UV-Vis spectrum at 330 nm [3, 10]. For laccases, 

the T2Cu and T3Cu are in close proximity, forming the trinuclear cluster (TNC), where oxygen 

reduction occurs. In 2004, an MCO was isolated, with different architecture than 

conventional MCOs [12, 13]. This enzyme is a homotrimer with a molecular weight of only 

38 kDa, and was named Small LACcase (SLAC) [14].  

In figure 1A, the structure of wt SLAC is given, with a focus on the active site [12]. The TNC is 

situated at the interface between monomers, shown in the figure with different colors.Each 

monomer contains one T1Cu, and each functional homotrimer contains three active sites.  

The reaction between MCOs and oxygen and has been extensively studied [15-20]. We refer 

to [20] for a comprehensive description of the reaction cycle.  

Extensive analysis was performed by EPR spectroscopy on the T1 depleted form (T1D) of 

SLAC (T1D-SLAC) [20-24]. T1 depletion facilitates the spectroscopic study of the reaction 

between the TNC and oxygen because it removes the contribution of the strong T1Cu signals 

from the EPR and UV-Vis spectra. The T1D-SLAC is active in O2 reduction, provided that 

reducing agents, such as ascorbic acid [21] or sodium dithionite [23], are added. 

In figure 1B the catalytic cycle of T1D-SLAC, with a focus on the TNC, is summarized. As-

synthesized, SLAC is in the resting oxidized state (RO). In the EPR spectrum only the T2Cu site 

is visible, as the T3Cu is EPR silent. In figure SI 1 and SI 5 the EPR spectra of the RO form are 

shown. Upon reduction, the copper atoms in the TNC are reduced, and all Cu-sites are EPR 

silent. This is known as the fully reduced state, FR. When the fully reduced protein is mixed 

with oxygen, the copper sites are reoxidized, and the tyrosine in position 108 is oxidized to 

form a tyrosyl radical. Here, we refer to this form as the reaction intermediate, RI. The RI 
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develops on a time scale of milliseconds, and fully decays to the RO state with a half-life of 

20 minutes.  

In 2009, the intermediate in the reaction between fully reduced T1D-SLAC and oxygen was 

identified as a copper-tyrosyl exchange-coupled biradical, forming a triplet state [21]. Later, 

aminoacid substitution studies confirmed the hypothesis of formation of the tyrosyl radical 

from the residue Y108, situated about 5 Å from the T2Cu [22]. Tyrosyl radicals appear in 

intermediate states of enzyme reactions for different systems, such as cytochrome oxidase 

and galactose oxidase [25-31].  

Exchange-coupled metal ion-aminoacid radicals were identified in proteins, where they 

enhance the electron-transfer efficiency in reactions [32]. Studies on synthetic complexes 

provided insight into metal-radical exchange-coupled systems, showing how the relative 

orientation and the chemical environment of the involved orbitals can have significant 

impact on the nature of the coupling [28, 33-35]. For SLAC, the RI-state 9 GHz EPR spectrum 

revealed that it is a coupled Cu(II)-Tyr-radical system, be it that the magnitude of the 

exchange coupling could not be determined [24, 36]. Here, we use 275 GHz EPR, which in 

combination with 9 GHz EPR, enables to determine the exchange coupling. This study 

contributes to understanding the catalytic cycle of MCOs and the electronic properties of 

enzyme reaction intermediates, while demonstrating a method for studying short lived 

reaction intermediates of enzymes by high frequency EPR.  
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.  

 

4.2 Materials and Methods 

Protein Expression and Purification 

Expression and purification of T1D SLAC was performed as previously described [14], with 

the only difference consisting in an additional size exclusion chromatography purification 

step after the anion exchange. The SEC was performed with a HiLoad 16/600, Superdex 

200pg column in the same buffer used for elution from the anion exchange step: NaPi 100 

mM, NaCl 100 mM, pH 6.8 (preparation buffer). Several batches of protein were prepared to 

 

Figure 1. Structure of SLAC (PDB code: 3CG8) and of its oxygen reducing active site (A) and schematic of the 

reaction cycle at the TNC (B). In A), the three monomers forming the homo-trimer are colored in cyan, grey 

and green. The active site coppers are coordinated at the interface between monomers. In B), the oxidized 

copper ions (Cu(II)) are shown in orange, the reduced ones in green. RO : Resting oxidized state, FR: Fully 

reduced state, RI: Reaction intermediate state. 

 

 

A 

B 



79 
 

ensure reproducibility. Three individually prepared batches of protein were measured at 9 

GHz and 275 GHz, and more samples of each batch were prepared for 9 GHz EPR 

measurement (for details, and to see spectra acquired for different batches, see SI). 

Preparation for 9 GHz EPR samples 

Sample preparation for 9 GHz EPR was performed in inert atmosphere inside a glove box at 

slight nitrogen overpressure at room temperature. The preparation buffer was exchanged 

by the nitrogen-saturated measurement buffer (NaPi 100 mM pH 6.8, 20% v/v glycerol) using 

30 kDa cutoff amicon filters (Amicon Ultra Centrifugal Filter, 0.5 mL, 30 kDa cutoff, Millipore). 

The protein was incubated one hour in excess sodium dithionite (Na2S2O4 sodium 

hydrosulphite, Sigma Aldricht) to reduce the copper sites. Desalting steps using 30 kDa 

amicon filters were done to remove the sodium dithionite from the sample. At this point, the 

concentrated sample was mixed with a 1:2 volume ratio of oxygen saturated measurement 

buffer (NaPi 100 mM pH 6.8, 65% v/v glycerol), quickly transferred into a 4 mm external 

diameter quartz tube and frozen in liquid nitrogen, with reaction times around 40 seconds. 

The final buffer composition is NaPi 100 mM, pH 6.8, 50% v/v glycerol. The sample was stored 

in liquid nitrogen until further use. Final protein concentration was in a range between 800 

µM to 1 mM. 

Preparation for 275 GHz EPR samples 

The first step for 275 GHz EPR sample preparation is as described in the section “Preparation 

for 9 GHz EPR samples”. After mixing the reduced T1D SLAC with oxygen saturated buffer, 

the sample was frozen in liquid nitrogen inside the same Eppendorf tube in which the mixing 

took place. Less than 30 seconds had passed when the protein and the oxygen saturated 

buffer were mixed and frozen. The sample was stored in liquid nitrogen until further use. 

Final sample concentration was in a range between 3 to 5 mM. 

Sample transfer in the 275 GHz EPR tubes 

Sample preparation is more complicated due to the small dimension of the capillary used at 

this frequency. To fill the 150 µm internal diameter tubes used for 275 GHz EPR 

measurements, the procedure described by Panarelli [23, 36] was adapted. The procedure 

was performed in a polystyrene box under constant flow of cold nitrogen gas, achieved with 

a N2 temperature controller (variable temperature unit BVT3000, Bruker BioSpin GmbH), as 

described in Panarelli [23]. The temperature inside the box ranged between -40 and -15˚C, 

and was constantly monitored at different positions and heights by using three digital 

thermometers in combination with the N2 temperature controller. A 50% v/v glycerol 

solution has a toothpaste-like viscosity in the temperature range between -30 and -20˚C, and 
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thereby can be manipulated. The EPR tube was attached to a syringe, and the sample was 

sucked into the tube by applying under-pressure with the syringe. Once full, the capillary was 

transferred onto a precooled lab-designed metal block and the sample loaded in the 

precooled (temperature 200 K) 275 GHz EPR insert with the same procedure as described in 

[37]. For measurement of the resting state of T1D SLAC, the sample could be manipulated at 

room temperature, and the sample is drawn in the EPR tube by capillary action. 

Continuous wave 9 GHz  EPR measurement 

9 GHz EPR measurements were performed with an Elexsys E680 X-Band spectrometer from 

Bruker BioSpin GmbH, equipped with a He-Flow ESR900 cryostat from Oxford instruments. 

The 9 GHz spectrum was acquired at a temperature of 20 K, with the following parameters : 

modulation frequency 100 kHz, modulation amplitude 0.5 mT, time constant 327.68 ms, 

conversion time 81.92 ms, microwave power 20 µW, total measurement time: one hour. 

Continuous wave 275 GHz EPR measurements 

CW EPR measurements at 275 GHz were performed with a home-built spectrometer 

described in [38] equipped with a He-flow CF935 cryostat from Oxford instruments, and a 

laboratory-designed  probe head with a single-mode cavity specifically designed for 

continuous wave measurements [39]. Measurements were performed at a temperature of 

10 K, achieved with a continuous He flow. The measurement parameters for the resting-state 

spectrum are as follows : modulation frequency 1.7 kHz, modulation amplitude 2.4 mT, time 

constant 300 ms, microwave power: 0.51 µW. Parameters for RI state measurement: 

modulation frequency 1.7 KHz, modulation amplitude 4.7 mT, time constant 300 ms, 

microwave power 1.86 µW. The spectrum was acquired in the range between 8 and 11 T. 

Total measurement time: three to eight hours. 

Simulation of EPR spectra 

MATLAB (R2019a, The MathWorks, Inc., Natick, MA,USA) and the EasySpin package (5.2.35) 

were used for simulations of the EPR spectra. Spectra were simulated using the “pepper” 

function. The parameters used for simulations are listed in table 1. The error margins were 

generated by manually adjusting the simulation parameters until the simulation visibly 

differed from the experimental spectrum. The energy level diagrams were simulated with 

the “levelsplot” function in Easyspin. For a complete picture of the system, simulations were 

performed for different orientations of the external magnetic field relative to the Cu(II) g-

tensor frame. The orientations used were: “x” (θ=90˚, φ=0 ˚), “y” (θ=90˚, φ=90 ˚), “z” (θ=0˚, 

φ=0˚), and “xyz” (θ=54.74˚, φ=45˚) with θ and φ as polar angles. In Easyspin the sign of J in 

𝐻𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 =  𝐽𝑺1̂𝑺2̂  is defined such that negative J values correspond to ferromagnetic 
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coupling (triplet ground state), and positive J values to anti-ferromagnetic coupling (singlet 

ground state). 

 

4.3 Results 

Figure 2 shows the 275 GHz CW-EPR spectrum of the RI state of T1D SLAC, for 9 GHz EPR 

spectra, see SI. The spectra were obtained by mixing the fully reduced sample with oxygen-

saturated buffer (see Materials and methods). Unprocessed spectra, and details about 

processing, are given in the SI and fig. SI 7. The signal in fig. 2 is composed of two main lines, 

at 9.6 and 9.7 T. The linewidth of the signals (0.1 T) is such that eventual hyperfine and dipolar 

interactions remain unresolved. Additionally, broad featureless signals extend in the low 

field region, between 8.6 and 9.3 T, and could partly derive from background fluctuations, 

for details see SI. The spectrum is clearly not a superposition of a Cu(II) T2 spectrum and a 

tyrosyl radical spectrum, revealing that radical–pair interactions, such as exchange coupling 

J and dipolar interactions D play an important role. 

To simulate the spectrum, magnetic resonance parameters from 9 GHz EPR, also obtained in 

this study, are taken into account, resulting in g-tensor (gTyr and gCu), hyperfine tensor and 

dipolar tensor parameters given in table 1. 

The 275 GHz spectrum enables to determine the exchange interaction J. To that aim, a series 

of simulations is performed on the 275 GHz spectrum, see figure 3. Figure 3 shows that 

positive values of J above 10 GHz introduce intense lines in the high field region, between 

10.2 and 10.7 T, see figure 3 A, marked as (2) in figure 3 A and B, that were not seen 

experimentally, ruling out those values, while values of J between +8 and -16 GHz were ruled 

out based on the 9 GHz simulations (in figure SI 9 and figure SI 11 the effects of values of J 

between +8 and -16 GHz on the 9 GHz EPR spectrum are illustrated, and discussed in SI text 

in “Strategy of simulation of EPR spectra”). As shown in figure 3, only J values between -18 

and -19 GHz would provide a simulation that reproduces the experimental spectrum, while 

for magnitudes of J of -20 GHz or more negative values, there is clear disagreement with 

respect to the experimental spectrum, because the splitting between the two main signals is 

too large (compare figure 3 A and C). Therefore, J of the RI state is determined to be between 

-18 and -19 GHz. 
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Table 1. Spin Hamiltonian parameters used for the simulation of the SLAC intermediate spectra. The same 

parameters are used for both the 9 GHz and the 275 GHz simulation. α, β, γ Euler angles, define orientation of D 

relative to g and A tensor reference frame, using convention by Easyspin [40]. 

 

 

 
gx gy gz Ax (MHz) Ay (MHz) Az (MHz) 

Copper 2.042 2.052  2.26  30 40 626 

Tyrosyl 2.009 2.0043  2.002  
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Figure 2. 275 GHz EPR spectrum of the intermediate of T1D SLAC. Black: experimental spectrum, orange: 

simulation. Experimental spectrum after subtraction of resting state spectrum obtained from the same 

protein batch. *Residual of resting state spectrum. Shape of resonance at 9.83 T is explained in detail in 

SI. For details about the subtraction, see fig. SI 7. ** Manganese impurity that overlaps with a radical 

signal, artifact remains after subtraction. For details about subtraction for the raw, unprocessed 

spectrum, see SI. Measurement temperature: 10K. 
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4.4 Discussion  

 

The intermediate state of T1D-SLAC (RI state) had been discovered using EPR and UV-Vis 

spectroscopy in 2009 [21]. The RI state is relatively short lived and is formed when the fully 

reduced protein is allowed to react with oxygen. This state decays with a half-life of about 

20 minutes [21]. The 9 GHz EPR spectra were described as a biradical state, with one electron 

localized on the CuT2 site and the other on an amminoacid nearby, the Tyr 108 [21]. Here, 

we determine the EPR parameters of this short lived intermediate with very high field, 275 

GHz EPR. The investigation is challenging because to obtain the RI, the reaction is performed 

in an inert-gas atmosphere, the reaction mixture has to be quickly frozen and kept at low 

temperature to keep the transformation back to the resting state (RO) of the enzyme at 

minimum. As RO formation cannot be completely avoided, RI spectra contain a varying 

fraction of RO state, which is subtracted from the raw spectra (see SI). Similar to previous 

studies we find variability of resting state (RO) spectra, the origin of which was discussed 

before and attributed to the presence of two components, which are present in different 

amounts in different protein batches [20].  In reference [20], the spectra were simulated by 

two components, showing different degrees of rhombicity and distinct copper gz values for 

the two components.  

From the combination of 9 and 275 GHz EPR spectra an exchange coupling J of -19 GHz is 

obtained (see results and SI “Detailed description of the strategy of simulation of 9 and 275 

GHz EPR spectra”). With this value of J, now a consistent set of the remaining magnetic 

resonance parameters of the RI state can be determined. In the SI the steps taken are 

described in detail, see “Strategy of simulation of EPR spectra”. For a complete list of 

simulation parameters, see table 1. 

Figure 3. Effect of J on 275 GHz spectra of intermediate. A) Simulation of the 275 GHz spectrum for 

different values of J. Between 9.5 and 10 T the lineshape is sensitive to the value of J (lines marked 1) and 

additional transition, with smaller intensity, can occur between 8.5 and 10.5 T,  depending on the value 

of J (lines marked as 2). For a  positive value of J, between 10. 5 and 11 T, the transition (2) has much 

higher intensity for positive than for negative J. For negative values of J, the splitting of the main line 

increases with an increase of IJI. At J = -28 GHz, the simulation does not reproduce the experimental 

spectrum anymore. Values of J between 0 and -17 GHz are ruled out by the 9 GHz spectrum simulation, 

see fig. SI 9 and fig. SI 11. B) Energy levels plot for J = -19 GHz (left) and J = +19 GHz (right). Blue lines: 

energy levels, the color of the transition lines indicates their probability: red : high, light grey: low 

(partially allowed). C) and D) Experimental spectrum (black) after subtraction of the resting state is 

compared with simulation (orange) for C) J = -19 GHz and D) J = +19 GHz. Transition 2: intense lines for J 

= +19 GHz that are not observed. Those transition are less intense, and hidden in the linewidth, for J = -

19 GHz. Asterisks: residual of resting state spectrum. The spectrum shown in C) and D) is shown after 

subtraction of the resting state contribution, but the manganese and the radical impurity are not 

subtracted, and evident, at 9.8 T.  
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 The J-coupling observed here can be compared to J-values found for biradicals in biological 

protein systems and for covalently linked biradicals [25-30, 32-35]. The reported magnitudes 

of |J| range from 18 MHz [35] to 4800 GHz [34]. The largest J (4800 GHz) is found for a 

biradical with ten bonds between the radical centers. In enzymatic reactions in proteins, 

coupled biradicals often involve metal-ion-tyrosyl coupled biradicals [25-30, 33]. In other 

cases, thiyl- [32] and tryptophan [41] take the role of the tyr in the radical pair. In protein 

systems, measured |J| values range from 140 MHz [30] to 180 GHz [32]. In these systems 

the coupling can be ferromagnetic, like in the case of SLAC, or antiferromagnetic, like in the 

case of galactose oxidase [28, 33]. 

The J value of the RI in SLAC is in the high range for radical pairs in enzymes, which suggests 

a relatively strong overlap of the wavefunctions of the T2Cu and the Y108 in the RI state. This 

could stabilize the intermediate, so the RI could be a key part of the reduction of water to 

oxygen, and may confirm the role of Y108 in the stabilization of reactive oxygen species 

formed during the reaction.  

 

The role of the RI state in the reaction of wt SLAC 

Is the RI state relevant in the oxygen reduction reaction of wt-SLAC? In [22] the role of Y108 

in the wt protein was studied extensively. Substituting Y108 with phenylalanine or alanine 

did not affect the second-order rate constant (kcat/KM), indicating that oxygen binding to the 

active site is unaffected. However, the turnover number (kcat) decreased, suggesting 

impaired electron transfer to oxygen and a slower reaction than the wt-enzyme when Y108 

is knocked out [22]. In the same work, substitution of Y108 led to the disappearance of the 

spectroscopic signature of the biradical, demonstrating that Y108 is providing the second 

electron in the RI state, both in the wt and T1D SLAC variants, thus confirming an active 

contribution of the RI to the reaction mechanism. 

With the present study, the 275 GHz EPR spectrum of the RI state is reported. The exchange 

coupling provides insight into the electronic structure of the biradical and its realitively large 

value could indicate a role of Y108 in facilitating efficient electron transfer and stabilization 

of reactive intermediates in the catalytic mechanism of SLAC.  
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Supplementary Information 

9 GHz EPR properties of the RO and the RI state   

Figure SI 1 shows variability of RO spectra of different batches, the origin of which is 

attributed to the presence of different components, showing different rhombicity and 

different gz values, present in different amounts in different batches [20]. The spectral part 

in the g = 4 region (figure SI 3) does not contain an RO contribution but suffers from cavity 

background. 

The 9 GHz EPR spectrum of the RI state (Figure 2) consists of two signals: a more intense Δms 

= 1 transition (Figure SI 2, SI 4 and SI 12 B) and a weaker, partially allowed Δms = 2 transition 

(Figure SI 3 and SI 12 A). The Δms = 1 transition exhibits a complex multiline structure, arising 

from hyperfine and dipolar-coupling-derived splittings. The Δms = 2 transition, also known as 

the half-field transition, is split into four lines due to hyperfine coupling with the type 2-Cu(II) 

ion (T2Cu) in the active site, indicating a strongly coupled biradical or triplet (S = 1) state 

involving Tyr108 (Y108) [21, 22].   

The as-measured RI spectrum (Figure SI 2) contains a residual contribution from the resting 

oxidized (RO) state, which is subtracted as described in Figure SI 4. 

 

Preprocessing of 275 GHz RI spectra 

Subtraction of the resting oxidized (RO) state: 

It is known that the RI preparation contains some RO state, the amount of which depends on 

sample preparation details, i.e. mixing and freezing time, and can vary from sample to 

sample. Therefore, a certain amount of RO spectrum has to be subtracted from the raw RI 

spectrum. Since the resting state EPR spectrum of different T1D SLAC preparation batches 

can have different shapes [20], care is taken that for the subtraction, the 275 GHz RO 

spectrum is from the same batch as the RI preparation batch. There is evidence that the peak 

at 9.5 T in the RI spectrum (figure SI5) originates from the RO state: the resting-state 

spectrum has a pronounced peak at 9.5 T, see figure SI 5. Another indication is that in the RI 

spectra, the relative intensity of the peak at 9.5 T and with respect to the peak at 9.7 T varies 

for different RI spectra, see fig. SI 6, as expected if the signal at 9.5 T derives from the resting 

state. Also, the simulations performed, see fig. 3 main text, show that none of the simulations 

yield spectra with a signal at 9.5 T. Therefore, the amount of resting-state spectrum 

subtracted from the RI spectra is guided mostly by the amplitude of the 9.5 T peak and 

considering the overall lineshape, resulting in the spectra shown in figure SI 7. Figure SI 7A 

shows that the feature at 9.5 T does not exactly overlap in the RI the RO state spectrum. This 

explains the residual feature at 9.5 T in the processed RI spectrum (figure SI 7C). Also, the 
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overlap of the RO spectrum and the unprocessed RI spectrum makes the lineshape of the RI 

spectrum at 9.83 T less reliable than the feature at 9.7 T. 

Subtraction of two experimental spectra can add additional line distortions and artifacts to 

the spectrum. Yet in the present case such artifacts are not obvious and, therefore, no 

additional baseline correction is performed. To improve the lineshape in the higher field 

region, a narrow-line radical contribution and the residual six-line pattern of a Mn(II)-

impurity are subtracted.  

Detailed description of the strategy of simulation of 9 and 275 GHz EPR spectra 

As  described in [21], the Δms=2 transition of the 9 GHz EPR spectrum is characteristic of a 

strongly coupled biradical or triplet state. The splitting of this signal into four lines signifies 

that one of the two unpaired electrons resides on the T2Cu. The second electron was 

assigned to a tyrosyl radical (Y108)[21]. Thus, the spectra at 9 and 275 GHz were simulated 

based on two coupled unpaired electrons, one on the T2Cu, and the second on the tyrosyl 

Y108 radical. 

For the interpretation of the spectra, the effect of the magnetic parameters, Az, D and J on 

the spectra measured at different frequencies need to be considered. For example, while the 

copper hyperfine and the dipolar interactions are resolved in the 9 GHz spectra, they are 

masked by the linewidth at 275 GHz. The g-tensor parameters of the Cu(II) T2 are obtained 

from a combination of 9 and 275 GHz EPR, using characteristic values of T2Cu copper centers 

[24] and the ones obtained from simulation of RO spectra as starting points. The g-tensor 

parameters of the tyrosyl radical in the 275 GHz EPR are masked by the effects of the 

exchange interaction J in the RI state and therefore cannot be extracted from the 275 GHz 

spectrum of T1D SLAC RI. Therefore, literature values are used [42], and the relative 

orientation of the g-tensor and the D-tensor cannot be determined. 

In the g=2 region, the shape of the 9 GHz EPR spectrum is complicated by overlapping lines 

arising from a combination of hyperfine and dipolar interactions that have a similar 

magnitude, see table 1, main text.  

However, since the CuT2 hyperfine interaction A along the z direction, AzCu, causes the 

splitting of the Δms=2 transition (g=4) into four lines (see above), it can be measured with 

high precision. Ax and Ay components of the Cu-hyperfine tensor, with their smaller 

magnitude, have minimal influence on the overall spectral shape. 

The dipolar tensor D is estimated from the distance between Y108 and the T2Cu, from the 

crystal structure of the protein (PDB code: 3CG8), as described in [24], and here is manually 

adjusted to best fit the simulation to the experimental spectrum. 

To evaluate the magnitude of J, various simulation options were explored. Figures SI 8-11 

illustrate the effects of different values of J on the 9 GHz spectrum: for  values of J between 
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-16 and 10 GHz,  extra lines between 0 and 280 mT occur, fig. SI 9, which do not match the 

experimental data (see Fig. SI 9 and 10). These additional lines are labelled as transition (3) 

in figure SI 11. At values of IJI higher than 10 GHz, the g=2 region of the 9 GHz EPR spectrum 

does not change much, figure SI 8. In the low field region, see figure SI 9, negative values of 

J between -10 and -16 GHz result in spectra with transitions with an intensity comparable to 

the half-field Δms=2 signal, which were not observed experimentally, see figure SI 11 for 

experimental spectra. Thus, values of J comprised between +10 and -16 GHz are excluded. 

These results enter in the analysis of the 275 GHz spectrum, as described in the main text, 

from which J = -19 GHz results. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 1. Resting state 9 GHz EPR spectra obtained from the different batches of T1D SLAC. 

Differences in spectra were observed before and attributed to the existence of different 

components in different ratios, see main text. Measurement temperature: 40K. 

 

 

Figure SI 2. 9 GHz EPR RI state spectra as measured, obtained from the different batches of T1D SLAC in the 

g=2 region. The green spectrum was obtained and published by our group in 2009, and was obtained as 

described in [21]. Measurement temperature batch 1 to 3: 20K. Tepper et al., 2009 : 40K. 
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Figure SI 3. Intermediate state 9 GHz EPR spectra obtained from the different batches of T1D SLAC in the 

Δms=2  region. From batch 1 and 3 no cavity background was subtracted. For simulation the spectrum from 

Tepper et al., was used for its more reliable lineshape. The Δms=2 spectrum shown in the main text and used 

for simulation (blue) was published by our group in 2009, and was obtained as described in Tepper et al. [21]. 

The spectrum from batch 2 (not shown) was obtained on a different spectrometer, and background 

fluctuations do not allow to interpret this part of the spectrum of batch 2. Measurement temperature batch 

1 to 3: 20K. Tepper et al., 2009: 40K. 
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Figure SI 4. Contribution of the 9 GHz RO EPR spectrum on the RI state EPR spectrum of the same batch of 

SLAC. The spectra were normalized to the low field line of the Azz feature of the Cu-hyperfine interaction of 

the resting state spectrum, marked by the asterisk. The RI state spectrum shown in the main text figure 2 

results from the subtraction of the resting state spectrum (green) from the intermediate state spectrum 

(black), after the normalization shown in the figure. 
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Figure SI 5. Resting state 275 GHz EPR spectra obtained from different batches of T1D SLAC. The spectra show 

an intense peak in the gxy region (9.6 T). Lines in the gz region between 8.5 and 9.3 T are broadened and mixed 

with background fluctuations. In all spectra a six-line manganese (Mn(II)) impurity is present, which overlaps 

with a signal from another radical contamination, marked by an asterisk. Measurement temperature: 10K. 
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Figure SI 6. Intermediate state 275 GHz EPR spectra from the different batches of T1D SLAC. Shown are raw 

spectra without background correction and without resting-state subtraction. Marked by *: resting state 

feature. Marked by **: a six-line Mn(II) impurity, overlapping with a narrow single line radical impurity. The 

signal at 9.88 T is the least perturbed part the RI spectrum. Spectrum after resting-state subtraction: see figure 

3 main text. Protein concentration: 3 to 5 mM. See figure SI 14 for processing steps. Measurement 

temperature: 10K. 
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Figure SI 7 Processing of the 275 GHz EPR intermediate spectrum. A) RO spectrum (green), unprocessed RI spectrum 

(black). B) RO spectrum (orange), RI spectrum (green), result of subtraction (Black). C) Pure intermediate spectrum, 

resulting from subtraction. D) Pure RI spectrum (black) and simulation (orange). The RI and RO spectra shown are 

from the same batch. Spectra are normalized to the intensity of the line at B = 9.5 T of the RO state spectrum, and 

the manganese-impurity signal is used for field calibration of different measurements. * correspond to the residual 

RO spectrum in the RI spectrum. ** corresponds to the radical and manganese impurities. Artefacts after 

subtraction are visible in the pure RI spectrum, e.g. narrowing of the higher field line in correspondence to **. 
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Figure SI 8. Simulated 9 GHz EPR spectra for different exchange interaction (J) values. Spectral shape in the 

g=2 region. For other simulation parameters see table 1 in the main text. 

 

 

Figure SI 9. Simulated 9 GHz EPR spectra for different exchange interaction (J) values for the low field region of the 

spectra. Values of J comprised between +8 GHz and -17 GHz imply the presence of additional lines that are not 

observed experimentally, and are thereby ruled out. For others simulation parameters see table 1 in the main text. 
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Figure SI 10. Experimental and simulated 9 GHz EPR spectra in the g = 4 region for J = -18 GHz and J = -19 GHz. 

Experimental spectrum: details, see main text. 
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Figure SI 11. Effect of J on 9 GHz EPR spectra of the RI state. A) Experimental and simulated 9 GHz EPR spectra 

for different J coupling values, and B) corresponding energy levels. The amplitude of the low field (0 – 250 mT), 

Δms = 2 transition, region has been magnified by a factor of 300 for the simulation, and by a factor of 100 for 

the experimental spectrum. The transitions are numbered in the spectra and in the energy-levels plots : (1) 

transition giving the g=2 spectrum. (2) Δms = 2 transition, giving the g=4 spectrum. (3) Additional transitions 

that occur depending on the magnitude of |J|. Transition (3) overlaps with transition (2) for J = -14 GHz, and 

overlaps with transition (1) at J = -19 GHz. Simulation shows that lines marked (3) would appear in the spectrum 

for J = -8 GHz and J = -16 GHz. Such lines are not observed experimentally, and therefore, those values of J are 

ruled out (see also fig. SI 11). Blue lines: energy levels, color of the vertical transition lines shows transition 

probability: red : high, light grey: low (partially allowed).  
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Figure SI 12. 9 GHz EPR spectrum of the reaction intermediate of T1D SLAC. A) Zoom in on the g=4 region, showing 

the Δms = 2 transition. Black : experimental spectrum, orange: simulation. A) was obtained in our lab and published 

in Tepper et al., 2009. B). Spectrum in the g=2 region. Black: experimental spectrum, orange: simulation. Simulation 

parameters: see table 1, main text. Experimental spectrum B) is presented after subtraction of the resting state 

spectrum obtained from the same protein batch. For details about the processing, see fig. SI 4. Measurement 

temperature: 20K. Tepper et al., 2009 : 40K. 
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