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Abstract

Pyrroloquinoline quinone (PQQ) is an important redox active quinocofactor produced by a wide 

variety of bacteria. A key step in PQQ biosynthesis is a carbon-carbon crosslink reaction between 

glutamate and tyrosine side chains within the ribosomally-synthesized peptide substrate PqqA. 

This reaction is catalyzed by the radical SAM enzyme PqqE. Previous X-ray crystallographic and 

spectroscopic studies suggested that PqqE, like the other members of the SPASM domain family, 

contains two auxiliary Fe–S clusters (AuxI and AuxII) in addition to the radical SAM [4Fe–4S] 

cluster. However, a clear assignment of the EPR signal of each Fe–S cluster was hindered by the 

isolation of a His6-tagged-PqqE variant with an altered AuxI cluster. In this work, we are able to 

isolate soluble PqqE variants by using a less-disruptive strep-tactin® chromatographic approach. 

We have unambiguously identified the EPR signatures for four forms of Fe–S clusters present in 

PqqE through the use of multi-frequency EPR spectroscopy: the RS [4Fe–4S] cluster, the AuxII 

[4Fe–4S] cluster, and two different clusters ([4Fe–4S] or [2Fe–2S]) bound in the AuxI site. The 

RS [4Fe–4S] cluster, the AuxII [4Fe–4S] cluster and the [2Fe–2S] cluster form in the AuxI site, 

can all be reduced by sodium dithionite, with g tensors of their reduced form determined as [2.040, 

1.927, 1.897], [2.059, 1.940, 1.903] and [2.004, 1.958, 1.904], respectively. The AuxI [4Fe–4S] 

cluster that is determined based on its relaxation profile can only be reduced by using low-

potential reductants such as Ti(III) citrate or Eu(II)-DTPA to give rise to a g1 = 2.104 signal. 

Identification of the EPR signature for each cluster paves the way for further investigations of 

SPASM domain radical SAM enzymes.
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1. INTRODUCTION

Pyrroloquinoline quinone (PQQ) was initially identified as a redox cofactor for prokaryotic 

dehydrogenases, such as alcohol and sugar dehydrogenases, and plays an important role in 

bacterial metabolism of alcohols and sugars.1–4 Recently, PQQ has also been recognized as 

an important nutrient for higher organisms (plants and animals), providing benefits for their 

growth and oxidative-stress tolerance.5,6 In particular, PQQ has been shown to be beneficial 

to human health, especially in anti-diabetic, anti-oxidative and neuroprotective actions.6 

Higher organisms are not known to synthesize PQQ and therefore rely fully on bacteria to 

provide this important nutrient.

The biosynthesis of PQQ is accomplished by the gene products of pqqABCDEFG.7–9 PqqA 

is a short peptide and is translated by the ribosome and later modified by a series of enzymes 

encoded by other pqq genes, placing it into the family of ribosomally-synthesized and post-

translationally-modified peptides (known as RiPPs). The biosynthesis of PQQ begins with a 

carbon-carbon crosslink reaction between glutamate and tyrosine side chains within PqqA. 

This reaction (Figure 1) is catalyzed by the radical S-adenosyl-L-methionine (SAM) enzyme 

PqqE and employs a chaperone protein PqqD to deliver the peptide substrate PqqA to PqqE.
8

The radical SAM enzyme PqqE contains a canonical CX3CX2C motif10 which provides 

three cysteine (Cys) residues to ligate a radical SAM (RS) [4Fe–4S] cluster, leaving a site 

for SAM binding at the fourth site-differentiated Fe.8,11 This RS cluster is responsible for 

generating a 5’-deoxyadenosine radical (5’-dA•) via the reductive cleavage of SAM; the 5’-

dA• radical then initiates the radical chemistry by abstracting a hydrogen atom from the 

substrate.10 In addition to the N-terminal RS cluster, PqqE is reported to harbor two 

auxiliary Fe–S clusters (AuxI and AuxII) located in the C-terminal SPASM domain.11,12 

The origin of the acronym SPASM comes from the founding enzyme members,12 i.e., AlbA,
13,14 PqqE,11,15 anSMEs,16–19 and MftC,20,21 which are involved in the formation of 

subtilosin A and PQQ as well as the maturation of anaerobic sulfatase and mycofactocin. 
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More recently, an increasing number of new SPASM-domain containing enzymes have been 

reported and studied in the biosynthesis of RiPPs natural products, such as CteB,22 

Tte1186,23 NxxcB24 and HuaB25; these are responsible for sulfur-carbon cross-linkage to 

form a thioether bond, as well as StrB,26 SuiB,27 AgaB28,29 and WgkB30 that catalyze 

carbon-carbon cross-linkage between lysine and tryptophan side chains, along the lines of 

PqqE.

In addition to the RS cluster, SPASM-domain containing enzymes bind two auxiliary Fe–S 

clusters in their C-terminal domains through the presence of extra Fe–S cluster binding 

motifs.12 X-ray crystal structures of a number of enzymes in this superfamily, i.e., anSME,18 

SuiB27 and CteB,22 show three Fe–S clusters that are all [4Fe–4S] clusters. As will be 

discussed in detail below, PqqE is an exception, showing a [2Fe–2S] cluster in the AuxI site.
11 Electron paramagnetic resonance (EPR) spectroscopy, which is widely employed to study 

Fe–S cluster-containing enzymes and reaction intermediates, is challenged in investigating 

the three Fe–S clusters in SPASM-domain containing RS enzymes because of overlap of the 

EPR signals and possible inter-cluster dipolar interactions. Furthermore, instability of 

prepared mutant samples designed to knock out one or two clusters can hinder the reliability 

of Fe–S cluster EPR signal analyses.11

Previous investigations of PqqE from Methylorubrum extorquens (M extorquens) provide a 

good example.11,31,32 Our earlier X-ray crystallographic report showed that the AuxI cluster 

is a [2Fe–2S] cluster ligated by four cysteine residues (Cys248, Cys268, Cys323, Cys325) 

and the AuxII cluster is a [4Fe–4S] cluster that is ligated by three cysteine residues (Cys310, 

Cys313, Cys341) and one aspartate residue (Asp319).11 However, the RS cluster was 

missing in the structure, and difficulties in obtaining high quality crystals of this enzyme 

have limited further understanding of both the number and the type of Fe–S clusters in 

PqqE. Associated EPR spectroscopic studies using wild-type, an RS cluster knockout variant 

(AuxI/AuxII, see nomenclature in Table 1) and an AuxII cluster knockout variant (RS/
AuxT) suggested a mixture of [2Fe–2S] and [4Fe–4S] clusters for the auxiliary clusters. 

However, we were previously not able to isolate a PqqE variant lacking the AuxI cluster 

(RS/AuxII), making it difficult to fully assign observed complicated EPR signals or extract a 

unique g tensor for each cluster. In this prior work, we used Ni-NTA affinity 

chromatography to isolate both wild-type and PqqE variants containing a hexahistidine 

(His6) tag, followed by Fe–S cluster reconstitution. However, several desalting steps may 

disturb the Fe–S clusters.33,34 To mitigate this issue, we now employ a less-disruptive 

chromatography, i.e., the strep-tactin® approach,33,34 to purify the full range of PqqE 

variants. This change is in part inspired by our work on the RS enzyme HydG, in which the 

unique dangler Fe site of the auxiliary [5Fe–4S] cluster is found to be better retained using 

the strep-tactin® approach as opposed to metal-affinity chromatography.33,34

Here we report the use of multi-frequency EPR spectroscopy in identifying and 

characterizing the EPR signatures for four forms of Fe–S clusters present in PqqE enzyme: 

the RS [4Fe–4S] cluster, the AuxII [4Fe–4S] cluster, and two different clusters ([4Fe–4S] or 

[2Fe–2S]) bound in the AuxI site. The RS [4Fe–4S] cluster, the AuxII [4Fe–4S] cluster and 

the [2Fe–2S] cluster form in the AuxI site, can all be reduced by sodium dithionite, 

revealing the corresponding EPR signals of their reduced forms. However, the AuxI [4Fe–
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4S] cluster can only be reduced by lower potential reductants, such as Ti(III) citrate or 

Eu(II)-DTPA. The identification and analysis of the EPR signature for all of the possible 

clusters within PqqE is an important advance to the EPR characterization of RS proteins, as 

well as to ongoing efforts to obtain detailed mechanistic understanding of members of the 

roles of auxiliary sites in SPASM-domain RS enzymes.

2. MATERIALS AND METHODS

2.1 Plasmids and nomenclature.

The plasmid used in this wok for expressing wild-type PqqE is an N-terminal strep-tag II 

containing pET-28a vector with a M. extorquens pqqE insert (UniProt number P71517). The 

PqqE variants used in this work are listed in Table 1. They were generated using Quick-

change method, and the primers are listed in Table SI. In order to clarify the clusters in each 

variant, we denoted each variant using the cluster that presents in the protein sample rather 

than using the one being knocked out (see Table 1).

2.2 PqqE expression and purification.

The His6-tagged wild-type PqqE was expressed as described previously.35 The strep-tagged 

wild-type PqqE and its variants were expressed aerobically in an E. coli BL21(DE3) GOLD 

strain that harbors both an N-terminal strep-tag II containing pET-28a plasmid with a pqqE 

insert and the suf operon plasmid pPH151. The cells were grown at 31 °C in Terrific Broth 

(TB) media containing 50 μg/ml of kanamycin, 50 μg/ml of chloramphenicol, 200 μM 

ammonium ferric citrate and 500 μM MgSO4 to an O.D.600 ≈ 0.6. Then the temperature was 

decreased to 18 °C; after 1 hour, protein expression was initiated by adding isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 100 μM and cysteine to a 

concentration of 100 μM. After expression at 18 °C for around 18 hours, the cells were 

harvested by centrifugation (3,500 rpm at 4 °C for 30 min), flash frozen in liquid nitrogen, 

and stored in −80 °C.

The His6-tagged wild-type PqqE was purified as described previously.35 The strep-tagged 

PqqE was purified anaerobically using a standard manufactory protocol (Germantown, MD) 

with modifications. The harvested cells were transferred to an anaerobic chamber and 

suspended in a deoxygenated lysis buffer with the volume ca. five times the mass of cell 

pastes. The lysis buffer was a HEPES-buffered solution (buffer W, 50 mM HEPES, 150 mM 

KCl, pH = 7.9) supplemented with BugBuster (Novagen), Benzonase (Novagen) and 

lysozyme (Novagen). The lysate was then transferred to O-ring sealed tubes and centrifuged 

at 20,000 rpm for 30 min. The sealed tubes that contained clarified lysate were transferred to 

the anaerobic chamber. The supernatant was loaded onto the Strep-tactin Superflow Plus 

resin (QIAGEN, Germantown, MD) with a column volume of 10 mL. The unbound protein 

fraction was removed by gravity-flowing through the resin and the resin was washed with 2 

column volumes of buffer W. The PqqE protein fraction was then eluted by adding buffer W 

containing 3 mM d-Desthiobiotin, The eluted PqqE protein fraction was gently concentrated 

by using 30 kDa cutoff Amicon centrifugal filters at 6,000 rpm for 15 min. We used the 

fresh prepared protein (without freezing) to prepare all the EPR samples in these studies.
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The Strep-tactin Superflow Plus resin was regenerated by using 5 column volumes of buffer 

W supplemented with 1 mM 2-(4-hydroxyphenylazo)benzoic acid and washed with 5 

column volumes of buffer W. The concentration of the protein and the Fe content was 

determined using the method published previously.35

For the sample of globally-15N-labled D319H, the protein was expressed in 4 L M9 minimal 

medium supplemented with 4 g 15NH4Cl and 4 g ISOGRO®-15N medium powder. Instead 

of using the overnight cell culture to inoculate the M9 minimal media directly, 40 mL 

overnight cell culture was centrifuged, and washed using autoclaved deionized water first. 

Then the washed cell that was re-suspended in autoclaved deionized water was used for 

inoculating the media for expression. 200 μM ferreic chloride was added as extra iron source 

to replace the ammonium ferric citrate. The other expression and purification procedures 

were same as the natural abundance PqqE protein.

2.3 EPR spectroscopy and analysis.

2.3.1 EPR sample preparation.—We used the fresh prepared protein to prepare all the 

EPR samples in these studies. For dithionate-reduced samples, ≈20 equivalents of sodium 

dithionate was added to PqqE protein in an X-band or Q-band EPR tube and allowed to 

incubate for 10 min. Then the EPR samples were transferred outside the anaerobic chamber, 

and frozen in liquid nitrogen for EPR spectroscopic analysis.

For cyanide-treated samples, ≈100 equivalents of isotope-labeled K13C15N (Cambridge 

Isotope Laboratories, Inc) was added to PqqE variant (RS only or AuxI/AuxII) which has 

already pre-incubated with ≈20 equivalents of sodium dithionate in an X-band or Q-band 

EPR tube. The samples were then transferred outside the anaerobic chamber, quickly frozen 

in liquid nitrogen and analyzed by using EPR spectroscopy.

For Ti(III) citrate-reduced samples,36 fresh Ti(III) citrate (89.7 mM) was prepared by adding 

50 μL of a 15% TiCl3 solution to a 500 μL of 0.2 M sodium citrate solution and neutralized 

with 100 μL saturated sodium carbonate solution. Then ≈45 equivalents of Ti(III) citrate was 

added to PqqE protein and allowed to incubate for 1 hour. The EPR samples were then 

transferred outside the anaerobic chamber, quickly frozen in liquid nitrogen and analyzed by 

using EPR spectroscopy.

For Eu(II)-DTPA-reduced samples, fresh Eu(II)-DTPA was prepared by anaerobically 

adding one equivalent Eu(II)Cb powder to Tris-buffered solution (100 mM Tris, pH = 8.0) of 

DTPA (diethylenetriaminepentaacetic acid).37,38 Then ≈30 equivalents of Eu(II)-DTPA was 

added to PqqE protein and allowed to incubate for ~30 min. The EPR samples were then 

transferred outside the anaerobic chamber, quickly frozen in liquid nitrogen and analyzed by 

using EPR spectroscopy.

2.3.2 X-band CW EPR spectroscopy.—X-band (9.37 GHz) continuous-wave (CW) 

EPR spectra were recorded on a Bruker (Billerica, MA) EleXsys E500 spectrometer 

equipped with a super-high Q resonator (ER4122SHQE). Cryogenic temperatures were 

achieved and controlled using an ESR900 liquid helium cryostat in conjunction with a 

temperature controller (Oxford Instruments ITC503) and a gas flow controller. CW EPR 
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data were collected under slow-passage conditions. The spectrometer settings were as 

follows: conversion time = 40 ms, modulation amplitude = 0.5 mT, and modulation 

frequency = 100 kHz; other settings are given in the corresponding figure captions. Spin 

quantification was determined by comparison of the double integral intensity of the EPR 

spectra to that of a standard solution of 100 μM CuSO4 with 200 μM HC1, 200 mM NaClO4 

and 20% ethylene glycol. Simulations of the CW spectra and the following pulsed EPR 

spectra were performed using the EasySpin 5.1.10 toolbox39,40 within the Matlab 2014a 

software suite (The Mathworks Inc., Natick, MA). Euler angles follow the zyz convention.

2.3.3 Q-band EPR spectroscopy.—Q-band two pulse electron spin-echo (ESE)-

detected field swept EPR spectra (π/2-τ-π-τ-echo) were collected using a Bruker (Billerica, 

MA) EleXsys E-580 spectrometer equipped with a 10 W amplifier and a R.A. Isaacson-built 

cylindrical TE011 resonator mounted in an Oxford CF935 cryostat. Pulse sequences were 

programmed with the PulseSPEL programmer via the XEPR interface. Experiment 

parameters were as follows: π/2 = 12 ns, τ = 300 ns, and other settings are given in the 

corresponding figure captions. The Q-band spectra presented in this work are pseudo-

modulated spectra using a modulation amplitude of 3.0 mT.

2.3.4 X-band and Q-band HYSCORE.

Hyperfine sublevel correlation spectroscopy (HYSCORE) is a two-dimensional pulse EPR 

technique, which correlates nuclear spin-flip transition frequencies in one electron-spin 

manifold to those in another electron-spin manifold. HYSCORE spectra were recorded at 10 

K on the Bruker Biospin EleXsys 580 spectrometer by employing a split-ring (MS5) 

resonator for X-band and the Isaacson cylindrical TE011 resonator for Q-band. The pulse 

sequence π/2-τ-π/2-t1-π-t2-π/2-τ-echo was programmed with the PulseSPEL programmer 

via the XEPR interface. The pulse length for inversion pulse (tπ) and the π/2 pulse (tπ/2) 

was 24 ns. Eight-step phase cycling was used. Time-domain spectra were baseline-corrected 

(third-order polynomial), apodized with a hamming window, zero-filled to eight-fold points, 

and fast Fourier-transformed to yield the frequency-domain spectra. Particular spectrometer 

settings are given in the corresponding figure captions.

3. RESULTS AND DISCUSSION

Our previous studies supported the view that PqqE enzyme requires all three Fe–S clusters 

(RS, AuxII and AuxI clusters) to yield the carbon-carbon crosslink activity. Our goal in this 

work is to identify the EPR signature for each cluster by characterizing various mutant 

samples (as listed in Tables 1&2) via multi-frequency EPR spectroscopy, as a critical step 

towards understanding the role each cluster plays in PqqE catalysis. We employed the non-

disruptive strep-tactin® approach33,34 to purify all enzyme samples. Also, in order to 

minimize any potential degradation at the Fe–S clusters in WT and protein variants, all EPR 

samples were “as-eluted PqqE” that had avoided purification steps capable of damaging the 

protein such as harsh centrifugation (> 6,000 rpm) or freeze-thaw cycles (see Materials and 

Methods for details). Figure 2 shows the CW EPR spectrum of the as-eluted wild-type strep-

tagged PqqE reduced by dithionite, indicating in this case an EPR spectrum very similar to 

previously reported EPR data for His6-tagged PqqE. In what follows, we disentangle the 
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EPR spectrum of dithionite-reduced wild-type PqqE—identifying which signal arises from 

each Fe–S cluster (section 3.1, 3.2 and 3.4). In addition, in section 3.3, a low-potential [4Fe–

4S] cluster is observed by using low-potential reductants (Ti(III) citrate or Eu(II)-DTPA), 

and we discuss these properties in the context of potential mechanisms for carbon-carbon 

crosslink catalysis (section 3.5).

3.1 Characterization of the Radical SAM (RS) [4Fe–4S]RS cluster.

We first prepared a double-knockout variant (termed as RS only) that only contained the 

cysteine motif C28X3C32X2C35 for binding the RS [4Fe–4S] cluster. For the deletion of 

auxiliary clusters, two cysteine residues from each auxiliary cluster were mutated to alanine 

residues (see Table 1 for details). The corresponding X-band (9.37 GHz) and Q-band (33.91 

GHz) EPR spectra of this mutant reduced by dithionite are shown in Figures 3A and 3B, 

respectively. As expected, the EPR spectra show a single paramagnetic component which is 

well simulated by employing the g-values = [2.040, 1.927, 1.897], typical for a reduced RS 

[4Fe–4S]+ cluster.10 The observation of one paramagnetic species is reasonable, as this 

double-knockout variant presumably only contains the remaining RS cluster.

To determine the type of this Fe–S cluster, we probed its spin-relaxation properties by 

examining the signal intensity as a function of both sample temperature and microwave 

power. As shown in Figures 4A (blue diamonds) and S1C, when the sample temperature was 

varied between 10 and 50 K, the EPR signal follows the Curie law—the signal intensity is 

inversely proportional to the temperature; at high temperatures (> 50 K), the signal relaxes 

too fast to be observed. This temperature dependence of the EPR signals behaves as a typical 

reduced [4Fe–4S]+ cluster.41 The power dependence of the EPR signals, as shown in Figures 

4B (blue filled diamonds) and S1D, yields a half-saturation power (P1/2) ca. 1.0 mW at 10 

K, which is close to the P1/2 value (0.8 mW at 12.5 K) of the reduced [4Fe–4S]+ cluster in 

B. stearothermophilus ferredoxin.41 Therefore, spin-relaxation properties of this 

paramagnetic species with g-values = [2.040, 1.927, 1.897] match the properties of a 

reduced [4Fe–4S]+ cluster.

In order to further confirm that this paramagnetic species corresponds to the reduced RS 

[4Fe–4S]+ cluster, we sought to record an EPR spectrum after adding SAM to the dithionite-

reduced RS-only variant to see if we can observe the corresponding SAM-bound [4Fe–4S]
+

RS signal which has a typical g tensor [2.01, 1.88, 1.85],10 However, this double-knockout 

sample was unstable and started to precipitate upon the addition of SAM, preventing us from 

further EPR analysis. Our previous studies suggested that this RS-only variant conserves the 

activity of uncoupled SAM-cleavage reaction,11 which could also be a reason for our 

inability to observe the EPR signal of the SAM-bound [4Fe–4S]+
RS complex. As an 

alternate approach, we employed isotope-labeled cyanide (i.e., K13C15N) as a small 

molecule probe: cyanide has been shown to bind to the unique Fe site of the RS [4Fe–4S]+ 

cluster, generating an S = 1/2 13C15N-bound [4Fe–4S]+
RS species.42 The EPR sample was 

prepared by adding ≈100 equivalents of K13C15N to the sample of dithionite-reduced RS-
only variant and then analyzed by using both X-band (9.37 GHz) and Q-band (33.90 GHz) 

EPR spectroscopy, with the corresponding spectra presented in Figures 3A and Figure 3B, 

respectively. As expected, the addition of K13C15N resulted in a complete conversion of the 
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[4Fe–4S]+ cluster signal with g-values = [2.040, 1.927, 1.897] to a new paramagnetic 

species with a rhombic g tensor of [2.063, 1.957, 1.913]. This g tensor is similar to the g 
tensor [2.06, 1.95, 1.93] of the CN-bound [4Fe–4S]+

RS species observed in RS enzyme 

HydG (see Table 3),42 consistent with this new rhombic signal being indicative of the 
13C15N-bound [4Fe–4S]+

RS species in PqqE.

Pulse EPR studies confirm this 13C15N-bound [4Fe–4S]+
RS species assignment. X-band 

HYSCORE spectra acquired at multiple magnetic field positions (corresponding to the g-

values of 2.060, 1.959 and 1.927, Figure 5A) show obvious two sets of cross-peaks centered 

at 13C- and 15N-Larmor frequencies, validating the presence of 13C and 15N in the vicinity 

of the [4Fe–4S]+ cluster. These two sets of cross-peaks are well simulated by using a 

pseudo-axial hyperfine coupling interaction tensor A for 13C or 15N, with A(13C) = [−4.00, 

−4.70, 1.80] MHz and A(15N) = [2.00, 0.45, 2.60] MHz, respectively, as shown in Figure 

5B. These hyperfine coupling values are comparable to the reported 13C- and 15N-hyperfine 

values for 13C15N-bound [4Fe–4S]+ clusters (as listed in Table 3) in HydG (A(13C) = [−5.0, 

−4.7, 0.9] MHz),34 IspH (A(13C) = [−3.9, −3.8, 0.1] MHz and A(15N) = [1.1, 1.1, 2.3] 

MHz),43 and Pyrococcus furiosus (P. furiosus) ferredoxin (A(13C) = [−4.5, −4.5, 0.1] MHz).
44 In the HydG enzyme, in addition to the reported CN-bound [4Fe–4S]+

RS species formed 

in N-terminus (vide supra), cyanide produced from tyrosine is also able to displace the 

generated [Fedangler(CO)2CN] synthon during HydG reaction by forming an S = 1/2 CN-

bound [4Fe–4S]+
AUX species in C-terminus.34 The [4Fe–4S] cluster in IspH is ligated by 

three cysteine residues and thus, has a unique Fe site for cyanide binding to produce a CN-

bound [4Fe–4S]+ species described above.43 The [4Fe–4S] cluster in P. furiosus ferredoxin 

is ligated by three cysteine residues, with the fourth residue as an aspartate (D14) providing 

a carboxylate ligand, which is able to displaced by CN− to form a CN-bound [4Fe–4S]+ 

species (vide supra).44

The observed 13C- and 15N-hyperfine couplings for K13C15N-treated dithionite-reduced RS-
only variant confirm the generation of the 13C15N-bound [4Fc–4S]RS

+ species with a 

rhombic g tensor of [2.063, 1.957, 1.913]. These findings provide strong support that the 

paramagnetic species with the g tensor [2.040, 1.927, 1.897] prior to cyanide addition 

corresponds to the reduced RS [4Fe–4S]+ cluster with a unique Fe site. Finally, we note that 

sodium dithionite is able to reduce this RS [4Fe–4S] cluster in PqqE.

3.2 Characterization of the Auxiliary II (AuxII) [4Fe–4S] cluster.

In this section, we prepared a single-knockout PqqE variant (termed AuxI/AuxII), in which 

the three cysteine residues for the RS cluster were replaced by alanine residues (see Table 1 

for details). Therefore, presumably only the clusters in the two auxiliary sites remain for this 

PqqE variant. The X-band and Q-band EPR spectra of dithionite-reduced AuxI/AuxII are 

shown in Figure 6A and 6B. The major paramagnetic component (≈ 85% via spin 

quantification of the total signal is well simulated by using a g tensor of [2.059, 1.940, 

1.903]. There is also a minor component (≈ 15% via spin quantification) present in the 

spectra.

Spin-relaxation properties of the major component were probed by examining the signal 

intensity (the peak amplitude at g1 2.059 of the major component) as a function of both 
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sample temperature and microwave power. The temperature dependence of the major-

component signals, as shown Figures 4A (magenta squares) and S2C, behaves similarly to 

that of the [4Fe–4S]+
RS cluster (vide supra), i.e., when the sample temperature was varied 

between 10 and 50 K, the major-component signals follow the Curie law; when the 

temperature was higher than 50 K, the signal of the major component relaxes too fast to be 

observed, leaving only the minor-component signal to persist at 60 K (see Figure S2C). The 

temperature-dependence performance of this minor-component signal is similar as that of 

the [2Fe–2S]+ cluster with slow-relaxation properties.41 In what follows, we focus on 

probing the major-component signal and will discuss the [2Fe–2S] cluster-related minor 

component further in section 3.4. The origin and function of this minor component is of 

interest, with the caveat that it may have arisen from a degraded Fe–S cluster.45 The power 

dependence of the major-component signals, presented in Figures 4B (magenta filled 

squares) and S2D, gives a half-saturation power P1/2 ca. 1.1 mW at 10 K, which is similar to 

the P1/2 value (1.0 mW at 10 K) of the [4Fe–4S]+
RS cluster described above. Therefore, 

spin-relaxation properties of this major component suggest that it corresponds to a reduced 

[4Fe–4S]+ cluster. Since both auxiliary clusters are present in the AuxI/AuxII sample, this 

[4Fe–4S]+ cluster could be either the AuxII cluster, or a possible [4Fe–4S] cluster form in 

the AuxI site (this is in part inspired by the crystal structures of three other enzymes in the 

SPASM superfamily, i.e., anSME,18 SuiB27 and CteB,22 which show a [4Fe–4S] cluster in 

the AuxI site.). Also at this point, we could not rule out the possibility that the major-

component signal has contributions from both the reduced [4Fe–4S]+
AuxII and the [4Fe–4S]

+
AuxI cluster, which share the same g tensor and identical spin-relaxation properties.

To address this further we again employed isotope-labeled cyanide (K13C15N), noting that 

Hoffman et al.44 showed that for the [4Fe–4S] cluster in P. furiosus ferredoxin that is ligated 

by three cysteine and one aspartate residue (D14), cyanide can displace the carboxylate 

ligand of the aspartate residue and bind to the Fe site to form an S = 1/2 CN-bound [4Fe–4S]
+ species (vide supra). Our previous X-ray structure of PqqE showed that the AuxII [4Fe–

4S] cluster is also ligated by three cysteine and one aspartate residue (D319),11 with the 

binding motif exactly identical to the P. furiosus ferredoxin [4Fe–4S] cluster. Therefore, 

cyanide should also be able to displace the carboxylate ligand of D319 to form an S = 1/2 

CN-bound [4Fe–4S]+
AuxII species. In contrast, the AuxI cluster, displayed in the form of a 

[2Fe–2S] cluster in X-ray structure, was fully ligated by four cysteine residues.11 If a [4Fe–

4S] cluster form in the AuxI site exists, it would presumably be fully ligated by the same 

four cysteine residues that ligate the [2Fe–2S] cluster in the crystal structure. In this case, 

cyanide-treatment will not alter the [4Fe–4S]+
AuxI EPR signal. As shown in Figure 6, by 

adding ≈100 equivalents of K13C15N to a dithionate-reduced AuxI/AuxII sample, we 

observed that the major-component signal is completely converted to a new pseudo-axial S = 

1/2 signal well simulated with g-values = [2.087, 1.955, 1.941]. The minor component was 

unaltered by the cyanide treatment (Figure S3). The obtained new g tensor is notably similar 

to that of CN-bound [4Fe–4S]+
Aux in HydG (g-values = [2.09, 1.94, 1.93]) and CN-bound 

[4Fe–4S]+ in IspH (g-values = [2.08, 1.94, 1.93]), indicating its correspondence to a CN-

bound [4Fe–4S]+ species (Table 3). The complete conversion of the reduced [4Fe–4S]+ 

cluster signal to the CN-bound [4Fe–4S]+ species indicates that the major EPR component 

corresponds to the reduced [4Fe–4S]+
AuxII cluster rather than the [4Fe–4S]+

AuxI cluster. 

Tao et al. Page 9

Biochemistry. Author manuscript; available in PMC 2020 December 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Also, the results rule out the possibility that the major-component signal consists of 

contributions from both of the two auxiliary [4Fe–4S]+ clusters, because if this were the 

case, we would only be able to see partial signal conversion upon cyanide-treatment.

We further pursued X-band 13C- and 15N-HYSCORE studies to confirm the assignment of 

the new pseudo-axial signal as the 13C15N-bound [4Fe–4S]+
AuxII species. X-band 

HYSCORE spectra acquired at multiple magnetic field positions (corresponding to the g-

values of 2.080, 1.956 and 1.945, Figure 7A) clearly show two sets of cross-peaks centered 

at 13C- and 15N-Larmor frequencies, supporting the above assignment. These two sets of 

cross-peaks are well simulated by using a pseudo-axial hyperfine coupling interaction tensor 

A for 13C or 15N, with A(13C) = [−4.40, −4.40, 1.00] MHz and A(15N) = [2.10, 2.10, 0.45] 

MHz, respectively, as shown in Figure 7B. These hyperfine coupling values for both 13C and 
15N are comparable to the values of those CN-bound [4Fe–4S]+ species described in section 

3.1 (Table 3). Therefore, the obtained 13C15N-bound [4Fe–4S]+
AuxII species supports the 

conclusion that the major-component signal observed from dithionate-reduced AuxI/AuxII 
arises solely from the reduced [4Fe–4S]+

AuxII cluster.

In addition, we performed site-directed mutagenesis on the gene construct of AuxI/AuxII by 

replacing the aspartate residue (D319) with a histidine or cysteine residue to generate two 

new variants, i.e., AuxI/AuxII/D319H and AuxI/AuxII/D319C. By probing whether the g 
tensor of the [4Fe–4S]+

AuxII cluster will be affected upon altering the ligand environment, 

we can further prove that it is the reduced [4Fe–4S]+
AuxII cluster that gives rises to the 

major-component EPR signal. The X-band and Q-band EPR spectra of dithionite-reduced 

AuxI/AuxII/D319H and AuxI/AuxII/D319C are shown in Figure 6. In the spectrum of each 

sample, although there is a minor component which is the residual [2Fe–2S] cluster signal 

after subtraction (see Figure S4 and section 3.4 for details), a major component with the 

expected g tensor changes is observed, as presented in Figure 6 and listed in Table 2. We 

note that the g1 feature is shifted from 2.059 for AuxI/AuxII to 2.046 and 2.042 for AuxI/
AuxII/D319H and AuxI/AuxII/D319C, respectively, presenting increasingly smaller g-

anisotropy as the aspartate D319 residue is mutated to histidine and cysteine. The trend in 

the g-anisotropy with the more symmetric ligand environment resulting in less g-anisotropy 

is consistent with the reported g-tensor changes in the P. furiosus ferredoxin [4Fe–4S]+ 

cluster,46 where the g-values changed from [2.10, 1.87, 1.79] to a less anisotropic tensor 

[2.08, 1.93, 1.89] as the aspartate D14 residue was mutated to cysteine residue. The 

sensitivity of the observed g-tensor changes to the ligand environment further confirms the 

AuxII [4Fe–4S]+ cluster assignment.

Of considerable interest, X-band HYSCORE spectrum of dithionate-reduced AuxI/AuxII/
D319H acquired at the magnetic position corresponding to g1 value of 2.046 (Figure 8C) 

shows the correlation ridges in the (−, +) quadrant that are diagnostic of the presence of 

hyperfine-coupled 14N nucleus in the vicinity of the reduced [4Fe–4S]+ cluster. This 

contrasts to the remote 14N couplings from protein backbone nitrogens that usually yield 

weak 14N-hyperfme coupling HYSCORE signals shown in the (+, +) quadrant. As expected, 

the 14N-hyperfine coupling signals in the (−, +) quadrant were absent in the HYSCORE 

spectra of dithionate-reduced AuxI/AuxII or AuxI/AuxII/D319C (Figures 8A and 8B), in 

which the fourth residue of AuxII [4Fe–4S] cluster is the aspartate (D319) and cysteine, 
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respectively, as depicted in Figure 8. The observation of 14N-hyperfine coupling signals in 

the (−, +) quadrant suggests that the histidine (H319) coordinates to the [4Fe–4S]AuxII 

cluster, which also supports our assignment of the reduced [4Fe–4S]+
AuxII cluster (vide 

supra).

To evaluate the 14N-hyperfme coupling arising from the Fe-histidine interaction in the AuxI/
AuxII/D319H sample, a globally-15N-labled sample of D319H was prepared by expressing 

the protein in M9 medium supplemented with 15NH4Cl and ISOGRO®-15N medium 

powder. This globally-15N-labled sample allows us to extract the strong 15N-histidine 

hyperfine-coupling tensor A, as the nuclei spin (I = 1/2) of 15N does not have a nuclear 

quadrupole interaction (in contrast to 14N with I = 1) and will display a simplified 

HYSCORE spectrum. To be noted, the reason that 15N-labeled D319H was chosen rather 

than AuxI/AuxII/D319H is due to the higher yield of the former PqqE variant, which 

therefore can provide enough protein for pulse EPR analysis, and the target 15N-hyperfine 

coupling from the Fe-histidine interaction will not be altered. Orientation-selected Q-band 

HYSCORE spectra of dithionate-reduced 15N-labled D319H acquired at multiple magnetic 

field positions (corresponding to the g-values of 2.044, 1.957 and 1.922) are shown in Figure 

9. One set of cross-peaks centered at 15N-Larmor frequencies is observed and is indicative 

of a strongly 15N-hyperfine interaction between Fe and histidine H319. The HYSCORE 

spectra are well simulated by using the 15N-hyperfine tensor of A(15N) = [−1.02, −4.55, 

−1.42] MHz and Euler angle = [55°, 100°, 25°], which corresponds to aiso = −2.33 MHz and 

T = −1.11 MHz. The spin density delocalized from the reduced [4Fe–4S+
AuxII cluster to the 

ε-nitrogen in the histidine ligand (H319) is ca. 0.36% by using the equation of aiso = a0ρ[1/

(1+n)], where ρ is the spin density residing on 15N, a0 (−2540 MHz for 15N)47 is the 

isotropic hyperfine-interaction for one electron in the 2s orbital of nucleus, and n is the 

hybridization constant (2spn) that is equal to 3 for an ε-nitrogen.

With the hyperfine parameters of 15N from the coordinated histidine ligand in hand, we can 

obtain the corresponding hyperfine parameters of 14N by scaling A(15N) to A(14N) via 

A(15N)/A(14N) = gn(15N)/gn(14N) = −1.403, resulting in A(14N) = [0.73, 3.25, 1.01] MHz 

and the same Euler angle = [55, 100, 25]°, which corresponds to aiso = 1.66 MHz and T = 

0.8 MHz. By performing spectral simulations, as shown in Figure S5, the quadrupole 

parameters e2Qq/h = −2.05 MHz and η = 0.55 and the quadrupolar Euler angle = [50, 27, 

20]° relative to the hyperfine tensor are determined. As listed in Table 4, the 14N-hyperfine 

and quadrupole interaction values fall in the range of the typical Fe-14N interactions. 

Especially, the 14N-quadrupole values are comparable to those of strongly-coupled 14N-

histidine from the reduced [4Fe–4S]+ K1 cluster in MaNifB e2Qq/h = −2.1 MHz and η = 

0.4) that is ligated by one putative histidine residue as well as three cysteine residues.48

In this section, we have, thus, clearly identified the EPR signature for the AuxII [4Fe–4S]+ 

cluster with aspartate D319 as the fourth ligand, confirming the previous X-ray structure 

study. This assignment is corroborated by the generation of an S = 1/2 CN-bound [4Fe–4S]
+

AuxII species as well as the corresponding g-tensor shifts once the aspartate ligand (D319) 

was mutated to a histidine or cysteine residue.
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3.3 Auxiliary I (AuxI) [4Fe–4S] cluster.

In section 3.2, we have shown that the reduced [4Fe–4S]+
AuxII cluster gives rise to the 

major-component signal in the EPR spectra of dithionate-reduced AuxI/AuxII, indicating 

that dithionate is able to reduce the AuxII [4Fe–4S] cluster. However, as only the RS cluster 

was knocked out and the iron content was assayed as ≈10 Fe per AuxI/AuxII enzyme (see 
Table 5), there presumably should be some [4Fe–4S] AuxI cluster (besides the observed 

[2Fe–2S] cluster signal that will be discussed specifically in section 3.4) in the AuxI/AuxII 
sample.18,22,27 Also, as shown from crystal structures of three other enzymes (anSME,18 

SuiB27 and CteB22) in the SPASM superfamily, all of these examples indicate [4Fe–4S] 

clusters at AuxI. We therefore sought alternate explanations for the absence of an EPR 

signature corresponding to an inferred [4Fe–4S] cluster within the AuxI site of PqqE. It was 

possible that our inability to observe its EPR signal was due to an inability of dithionate to 

reduce AuxI, such that it had remained diamagnetic and EPR silent. This suggested that the 

reduction potential of [4Fe–4S] within AuxI in PqqE may be lower than that of dithionite 

(−660 mV vs NHE at pH 7.0).

To test this hypothesis, we employed Ti(III) citrate (≈45 equivalents), a low-potential 

reductant that has a reduction potential lower than −800 mV at pH 7.0,36,56 to reduce the 

AttxI/AttxII sample and recorded the EPR spectrum to see whether an additional 

paramagnetic species could be detected at AuxI. As presented in Figure 10 (blue trace), an 

additional signal shows up at the magnetic field of 318.1 mT, corresponding to g1 value of 

2.104, outside the region around g ~2.0 where the large Ti(III) (S = 1/2, 3d1) EPR signal 

dominated (orange trace, and also see Figure S6). This new g1 = 2.104 signal is also 

observed in the spectra of Ti(III) citrate-reduced samples of wild-type PqqE (black trace) 

and RS/AuxI (red trace), but is absent in the RS/AuxII variant (green trace). Taken together, 

these results point to the g1 = 2.104 signal arising from a reduced AuxI cluster in PqqE, 

which can only be EPR-observable by using Ti(III) citrate as the reductant. This assignment 

is corroborated via cyanide-treatment experiment in which the g1 = 2.104 signal is not 

affected, suggesting that the signal is due to a fully ligated AuxI cluster with four cysteine 

ligands (Figure S7). We rule out the possibility that this g1 = 2.104 signal is due to a splitting 

arising from the dipolar interaction between two reduced clusters as observed in Complex I,
57 because the Q-band spectrum shows a signal at the same g-value (see Figure S8).51 If this 

signal were due to an inter-cluster dipolar interaction that contributes to the spin 

Hamiltonian, the EPR spectrum is expected to show a microwave-frequency dependence, 

which is not the case here.

Therefore, the above results suggest that, in addition to a [2Fe–2S] cluster, the AuxI site of 

PqqE is also able to accommodate a low-potential Fe–S cluster, with a reduction potential 

lower than that of dithionite but higher than that of Ti(III) citrate. To be noted, while this 

AuxI cluster can only be reduced by Ti(III) citrate, the dithionite-reducible [4Fc–4S]RS and 

[4Fc–4S]AuxII clusters can also be reduced by Ti(III) citrate. Therefore, their corresponding 

EPR signals should appear in the spectra of Figure 10; however, the overlap with the hugely 

dominant Ti(III) signals complicates the interpretation of spectra in the g ~2.0 region in 

Figure 10. This does not invalidate the well characterized spectra of PqqE variants (cf. 

Figure S9) that verify, for example, the [4Fe–4S]+
RS signal in dithionite-reduced RS/AuxI, 
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as well as an [2Fe–2S] cluster signal and the [4Fe–4S]+
RS and [4Fe–4S]+

AuxII cluster signal 

in dithionite-reduced RS/AuxII; these results are consistent with the signal assignments 

described in section 3.1 and 3.2.

To determine the nature of this low-potential AuxI cluster, we probed its spin-relaxation 

properties by examining the g1 = 2.104 signal intensity as a function of both sample 

temperature and microwave power. Both the temperature dependence and power dependence 

of the signal behave dramatically different from those of either the [4Fe–4S]+
RS cluster or 

the [4Fe–4S]+
AuxII cluster (vide supra). As shown in Figures 4A (red circles) and S10A, the 

signal follows the Curie law, when the sample temperature is varied between 10 and 22 K, 

and relaxes too fast to be observed when the temperature is higher than 22 K (see Figure 

S10A).

The power dependence of the signal, presented in Figure 4B (red filled circles) and S10B, 

gives a half-saturation power P1/2 ca. 100 mW at 10 K, which is dramatically higher than the 

P1/2 values (1.0 mW and 1.1 mW at 10 K) for the [4Fe–4S]+
RS and [4Fe–4S]+

AuxII cluster, 

respectively. Therefore, the fast spin-relaxation properties of this g1 = 2.104 signal suggest it 

arises from a fast-relaxing [4Fe–4S] cluster rather than a [2Fe–2S] cluster, because [2Fe–2S] 

clusters usually relax much slower as shown in Figure 4 (green triangles), with the signal 

still persistent at 60 K and a much smaller half-saturation power P1/2 ca. 0.04 mW at 10 K. 

Even in the case of a [2Fe–2S] cluster that relaxes faster than the typical [2Fe–2S] cluster, 

e.g., the [2Fe–2S] cluster in xanthine oxidase that relaxes faster due to the dipolar interaction 

with its nearby paramagnetic Mo(V) center, the [2Fe–2S]+ cluster signal is still observable at 

60 K.58 In addition, a second low-potential reductant, Eu(II)-DTPA,37–38 with the reduction 

potential ca. −1.14 V vs NHE at pH 8.0, was employed to verify the g1 = 2.104 signal, as 

shown in Figures 11 and S11. The observed g1 = 2.104 signal shows the same spin-

relaxation properties as that obtained by using Ti(III) citrate (Figure 11), i.e., it is observed 

at 10 K but not observable at 25 K, suggesting its independence regarding the specific low-

potential reductant and confirming its ascription to the reduced AuxI [4Fe–4S]+ cluster in 

PqqE. We note that the fast-relaxation properties of the AuxI [4Fe–4S] cluster are not altered 

by the presence or absence of nearby AuxII or RS clusters, as the spin-relaxation properties 

are similar for the wild-type, AuxI/AuxII and RS/AuxI samples. This is consistent with no 

inter-cluster dipolar interactions observed in PqqE (vide supra). We also rule out the possible 

effect of the presence of paramagnetic species, such as Ti(III) or Eu(II). As shown in Figure 

11, the EPR spectrum of the wild-type PqqE reduced by Eu(II)-DTPA recorded at 25 K still 

shows the signals from reduced [4Fe–4S]+
RS (g1 = 2.040) and [4Fe–4S]+

AuxII clusters (g1 = 

2.059), suggesting that the presence of the paramagnetic specie Eu(II) does not alter the 

spin-relaxation properties of these two clusters as compared to dithionite-reduced samples 

(vide supra).

Therefore, we reasoned that it is the local protein environment of the [4Fe–4S] cluster in the 

AuxI site that causes its fast relaxation. This is the first spectroscopic evidence of low-

potential Fe–S cluster in SPAMS-domain containing radical SAM enzymes, which could be 

relevant to the oxidative cross-link catalysis (see section 3.5).
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3.4 Auxiliary I (AuxI) [2Fe–2S] cluster.

We have identified a novel low-potential [4Fe–4S] cluster in the AuxI site as described in 

section 3.3. However, our previous X-ray structure of PqqE revealed a [2Fe–2S] cluster form 

in the AuxI site.11 In terms of the EPR spectra, the [2Fe–2S]+ cluster signal was observed in 

both previous EPR studies and this work. As mentioned in section 3.2, a minor component 

(15%) that has similar slow-relaxation properties as a [2Fe–2S]+ cluster was shown in the 

EPR spectrum of dithionite-reduced AuxI/AuxII. However, we noticed that the amount of 

the [2Fe–2S] cluster present in the AuxI/AuxII sample varied from batch to batch. Figure 

S12 shows the EPR spectrum of dithionate-reduced AuxI/AuxII sample from another batch 

(batch B, where batch A refers to the sample described in section 3.2); while the AuxII 

[4Fe–4S]+ signal with g-values = [2.059, 1.940, 1.903] remains the same as that identified 

from batch A, the [2Fe–2S]+ cluster has higher signal intensity (30% via spin 

quantification). The reason for varying amounts of the [2Fe–2S] cluster present in AuxI/
AuxII could be due to variable lengths of time for purifying the enzyme in the anaerobic 

chamber; longer purification times led to higher signal intensity of the [2Fe–2S]+ cluster. 

Also, varying amounts of the [2Fe–2S] cluster were noted when inoculating the expression 

media with freshly co-transformed E. coli competent cell vs. freeze-thaw glycerol cell stock. 

In addition, we have observed obvious [2Fe–2S] cluster signals in the samples of dithionite-

reduced AuxI/AuxII/D319H and AuxI/AuxII/D319C as well as cyanide-treated AuxI/AuxII, 
as shown in Figures S3&S4. The minor component shown in these three EPR spectra in 

Figure 6 is the residual [2Fe–2S] cluster signal after subtraction.

Besides these AuxI/AuxII-derived PqqE variants, we also detected [2Fe–2S]+ cluster signals 

in samples of dithionite-reduced wild-type PqqE and RS/AuxI, as shown in Figures 12&S9. 

Especially for the RS/AuxI sample with the AuxII cluster knocked out, similar to previous 

studies,11 the [2Fe–2S] cluster signal intensity is dramatically higher than other PqqE 

variants; the reason for this observation remains unclear. By employing the high-temperature 

EPR spectra of dithionite-reduced RS/AuxI, we extracted the g tensor [2.004, 1.958, 1.904] 

for the [2Fe–2S]+ cluster. We also characterized its slow spin-relaxation properties at 10 K 

for comparative purposes, as shown in Figures S13&4 (green triangles).

As summarized in Table 5, the only samples that did not display the [2Fe–2S]+ cluster signal 

are the variants with the AuxI cluster knocked out, i.e., RS/AuxII and RS-only variant. 

While no low-potential AuxI [4Fe–4S]+ cluster with g1 = 2.104 signal was detected by using 

Ti(III) citrate to treat either RS/AuxII or RS-only variant (Figures 10&S6), no [2Fe–2S] 

cluster signal was observed at high-temperature (60 K) EPR spectra of the corresponding 

dithionite-reduced samples (Figure S9&S1) either. Correspondingly, the remaining reduced 

[4Fe–4S]+
RS and [4Fe–4S]+

AuxII signals are shown in the low-temperature (10 K) spectrum 

of dithionite-reduced RS/AuxII (Figure S9), and only the [4Fe–4S]+
RS is observed for RS-

only variant (Figure 3).

To summarize this section, the results of detailed EPR analyses on a myriad of enzyme 

samples indicate that the Fe–S cluster in the AuxI site of PqqE can exist in the form of either 

a [2Fe–2S] or a [4Fe–4S] cluster 11,31 Thus, at this juncture, it is not yet possible to 

conclude with certainty which form is essential for PqqE catalysis.
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3.5 Possible roles of the Fe–S clusters in PqqE catalysis.

With multi-frequency EPR spectroscopy we have unambiguously identified four forms of 

Fe–S clusters present in PqqE. They can be categorized into two groups according to their 

reduction potentials. One group, reducible by dithionite, includes the RS [4Fe–4S], the 

AuxII [4Fe–4S] and the AuxI [2Fe–2S] clusters. Hence these three Fe–S clusters when 

reduced by dithionite give corresponding EPR signals, as described above (see section 3.1, 

3.2 and 3.4). The other group is reducible by Ti(III) citrate or Eu(II)-DTPA but not dithionite 

and contains only the AuxI [4Fe–4S] cluster, which yields the EPR signal with a 

characteristic g1 = 2.104 feature (see section 3.3). Based on the present categorization, the 

EPR spectra of dithionite-reduced wild-type PqqE can be well simulated by summing the 

contributions of three reduced clusters in the first group, with a ratio of 1:1:1 for [4Fe–4S]
+

RS, [4Fe–4S]+
AuxII and [2Fe–2S]+

AuxI cluster, as shown in Figure 12. Combining the X-

band and Q-band simulations, we did not observe any major spectral contributions arising 

from inter-cluster dipolar interactions. While precise redox potentials have yet to be been 

measured for any of the clusters in PqqE, this EPR study shows this to be an important 

future research goal.

In PqqE catalysis, the RS [4Fe–4S] cluster is in charge of initiating the reaction via reductive 

cleavage of the sulfonium C5′–S bond of SAM to yield a cluster-bound methionine and a 

5’-deoxyadenosine radical (5’-dA•). The transient 5’-dA• radical abstracts a hydrogen atom 

from the β-carbon of glutamate residue to generate a glutamyl radical. The RS cluster is 

essential and is required for carbon-carbon cross-link activity, as suggested by our previous 

studies.11 In addition to the RS cluster, both auxiliary clusters (AuxI and AuxII) in the 

SPASM domain play essential roles in PqqE catalysis, as variants lacking either auxiliary 

cluster abolish the cross-link activity.

In the AuxI site of PqqE, with a mixture of Fe–S clusters identified, it is not yet possible to 

ascertain which form ([4Fe–4S] or [2Fe–2S]) is functionally relevant. We note in this 

context that a low-potential AuxI [4Fe–4S] cluster supports the radical aromatic substitution 

mechanism catalyzed by StrB/SuiB/AgaB,26,28,29 in which a carbon-carbon bond is formed 

between the β-carbon of lysine residue and the aromatic C7 of tryptophan residue in the 

peptide substrate of StrA/SuiA/AgaA, a reaction highly analogous to that performed by 

PqqE. One proposed requirement for the radical aromatic substitution mechanism is to 

maintain the AuxI cluster in an oxidized state, poised for acceptance of one electron from an 

radical anion intermediate generated via de novo carbon-carbon bond formation. Since the 

PqqE cross-link activity can only be achieved using a biological reducing system (such as 

NADPH/Flavodoxin A/Flavodoxin reductase11) with a potential much higher than achieved 

with either the Ti(III) or Eu(II) salts, it is expected that a functional [4Fe–4S] cluster in the 

AuxI site would remain oxidized during catalytic turnover and, as such could promote 

radical anion oxidation at an aromatic ring. However, the redox potential of such a radical 

anion intermediate is expected to be much lower59 than that anticipated for a [2Fe–2S] site 

at AuxI as well, indicating that other properties are likely, in the end, to rationalize the 

participation of [2Fe–2S] vs. [4Fe–4S] in the AuxI site of PqqE. The answer to this 

intriguing question will need to await future studies.
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4. CONCLUSIONS

We have unambiguously identified the EPR spectroscopic signatures for four forms of Fe–S 

clusters present in PqqE: the RS [4Fe–4S] cluster, the AuxII [4Fe–4S] cluster, and two 

alternative clusters ([4Fe–4S] or [2Fe–2S]) bound in the AuxI site. They can be categorized 

into two groups according to their reduction potentials. One group is dithionite-reducible, 

including the RS [4Fe–4S] cluster, the AuxII [4Fe–4S] cluster and the [2Fe–2S] cluster in 

the AuxI site, with g tensors of their reduced form determined as [2.040, 1.927, 1.897], 

[2.059, 1.940, 1.903] and [2.004, 1.958, 1.904], respectively. The other group contains the 

AuxI [4Fe–4S] cluster giving rise to a g1 = 2.104 signal, which can only be reduced by using 

low-potential reductants, such as Ti(III) citrate or Eu(II)-DTPA. This low-potential AuxI 

[4Fe–4S] cluster has faster relaxation properties than that of the RS [4Fe–4S] and the AuxII 

[4Fe–4S] clusters, indicating a specific protein environment of the AuxI site in the SPASM-

domain of PqqE. No inter-cluster dipolar interactions are observed. Identification and 

analysis of the EPR signature for each cluster pave the way for further investigations of 

PqqE catalysis via EPR spectroscopy. These results also raise interesting, unsolved questions 

regarding the mechanism of the oxidative carbon-carbon crosslink catalyzed by PqqE.
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Figure 1. 
Proposed PQQ biosynthesis pathway, with the carbon–carbon bond formation between 

glutamate and tyrosine side chains within the peptide PqqA shown in the scheme.

Tao et al. Page 20

Biochemistry. Author manuscript; available in PMC 2020 December 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Comparison of X-band (9.37 GHz) CW EPR spectra of dithionite-reduced as-eluted strep-

tagged wild-type PqqE (black trace) and the reconstituted His6-tagged wild-type PqqE (blue 

trace). The CW EPR spectra were recorded at 10 K, with 0.02 mW microwave power 

(shown to be non-saturating).
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Figure 3. 
X-band (9.37 GHz) CW EPR (A) and Q-band (34.0 GHz) pseudo-modulated electron spin-

echo detected field-swept EPR spectra (B) of the dithionite-reduced double-knockout PqqE 

variant of RS only as well the results from treatment with ≈100 equivalents of K13C15N. 

The black traces are experimental spectra, while the red traces are the simulated spectra by 

employing the g-values = [2.040, 1.927, 1.897] for dithionite-reduced RS-only variant and 

the g-values = [2.063, 1.957, 1.913] for the sample with the addition of K13C15N. The CW 

EPR spectra were recorded at 10 K, with 0.02 mW microwave power (shown to be non-

saturating).The Q-band EPR spectra were recorded at 10 K by using a two-pulse sequence of 

π/2-τ-π-τ-echo, with π/2 = 12 ns and τ = 300 ns. The modulation amplitude of 3.0 mT was 

used to convert the absorption spectra to the pseudo-modulated spectra in (B).
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Figure 4. 
Temperature dependence (A) and power dependence (B) of the EPR signals corresponding 

to the four Fe–S clusters that are investigated in this work.

For the temperature dependence (A), the RS cluster (blue diamonds) signal intensities are 

taken from the varying peak amplitudes at the g1 2.040 position in the spectra of dithionite-

reduced RS-only variant, shown in Figure S1. The AuxII cluster (magenta squares) signal 

intensities are taken from the peak amplitudes at the g1 2.059 position in the spectra of 

dithionite-reduced AuxI/AuxII, shown in Figure S2. The AuxI [4Fe–4S]+ cluster (red 

circles) signal intensities are taken from the peak amplitudes at the g1 2.104 position in the 

spectra of Ti(III) citrate-reduced WT sample, shown in Figure S10. The [2Fe–2S]+ cluster 

(green triangles) signal intensities are taken from the peak amplitudes at the g1 2.004 

position in the spectra of dithionite-reduced RS/AuxI, shown in Figure S13.

The power dependence experiment was conducted at 10 K (B). The signal intensity at 

varying microwave power divided by the square root of the microwave power is plotted vs 

power. Data points are fit to power saturation curves (dash lines) based on the equation of 

S/ P ∝ 1 + P/P1/2
0.5b

 by using P1/2 = 1.0 mW and b =1.22 for the RS cluster, P1/2 = 1.1 

mW and b = 1.22 for the AuxII cluster, P1/2 = 100 mW and b = 1.22 for the AuxI [4Fe–4S]+ 

cluster and P1/2 = 0.04 mW and b = 1.34 for [2Fe–2S]+ cluster, where P1/2 is the half-

saturation power and b is the “inhomogeneity parameter” varying from 1.0 for the 

inhomogeneous system to 2.0 for the homogeneous system.41
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Figure 5. 
Orientation-selected X-band HYSCORE spectra (A) of dithionite-reduced RS-only variant 

with the addition of ≈100 equivalents of K13C15N. The corresponding X-band and Q-band 

EPR spectra of this sample are given in Figure 3. (B) The simulated HYSCORE spectra are 

shown in blue (contour plot) by using the parameters of g = [2.063, 1.957, 1.913]; A(13C) = 

[−4.00, −4.70, 1.80] MHz, Euler angle = [0, 35, 0]°; A(15N) = [2.00, 0.45, 2.60] MHz, Euler 

angle = [0, 30, 0]°, while the experimental spectra are shown in red.

Experimental parameters: temperature = 10 K; tπ/2 = 12 ns; tπ = 24 ns; microwave 

frequency = 9.188 GHz, magnetic field = 318.7 mT, τ = 148 ns for g = 2.060; microwave 

frequency = 9.455 GHz, magnetic field = 344.7 mT, τ = 136 ns for g = 1.959; microwave 

frequency = 9.455 GHz, magnetic field = 350.5 mT, τ = 136 ns for g = 1.927. The time 

increment in both dimensions was 24 ns with 180 steps.
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Figure 6. 
X-band (9.37 GHz) CW EPR (A) and Q-band (34.0 GHz) pseudo-modulated electron spin-

echo detected field-swept EPR spectra (B) of dithionite-reduced AuxI/AuxII, the sample 

with the addition of ≈100 equivalents of K13C15N, as well as dithionite-reduced AuxI/
AuxII/D319H and AuxI/AuxII/D319C. The black traces are experimental spectra, while the 

red traces are the simulated spectra employing the g-values = [2.059, 1.940, 1.903] for 

dithionite-reduced AuxI/AuxII, the g-values = [2.087, 1.955, 1.941] for the AuxI/AuxII 
sample with the addition of K13C15N, the g-values = [2.046, 1.935, 1.922] for dithionite-

reduced AuxI/AuxII/D319H and the g-values = [2.042, 1.938, 1.917] for dithionite-reduced 

AuxI/AuxII/D319C, respectively. The spectra for the AuxI/AuxII sample with the addition 

of K13C15N, as well as AuxI/AuxII/D319H and AuxI/AuxII/D319C are the residual spectra 

after subtracting the [2Fe–2S] cluster signals from the original spectra that are given in 

Figures S3&S4. The CW EPR spectra were recorded at 10 K, with 0.02 mW microwave 

power (no saturation). The Q-band EPR spectra were recorded at 10 K by using a two-pulse 

sequence of π/2-τ-π-τ-echo. with π/2 = 12 ns and τ = 300 ns. The modulation amplitude of 

3.0 mT was used to convert the absorption spectra to the pseudo-modulated spectra in (B).
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Figure 7. 
Orientation-selected X-band HYSCORE spectra (A) of dithionite-reduced AuxI/AuxII with 

the addition of ≈100 equivalents of K13C15N. The corresponding X-band and Q-band EPR 

spectra are given in Figure 6. (B) The simulated HYSCORE spectra are shown in blue 

(contour plot) by using the parameters of g = [2.087, 1.955, 1.941]; A(13C) = [−4.40, −4.40, 

1.00] MHz, Euler angle = [0, 43, 0]°; A(15N) = [2.10, 2.10, 0.45] MHz, Euler angle = [0, 20, 

0]°, while the experimental spectra are shown in red.

Experimental parameters: temperature = 10 K; tπ/2 = 12 ns; tπ = 24 ns; microwave 

frequency = 9.482 GHz, magnetic field = 325.7 mT, τ = 144 ns for g = 2.080; microwave 

frequency = 9.308 GHz, magnetic field = 339.9 mT, τ = 136 ns for g = 1.956; microwave 

frequency = 9.484 GHz, magnetic field = 348.4 mT, τ = 136 ns for g = 1.945. The time 

increment in both dimensions was 24 ns with 180 steps.
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Figure 8. 
X-band HYSCORE spectra of dithionite-reduced AuxI/AuxII (A), AuxI/AuxII/D319C (B) 

and AuxI/AuxII/D319H (C) acquired at the magnetic field position corresponding to the g-

value of 2.046, 2.042 and 2.046, respectively. The X-band and Q-band EPR spectra of these 

three samples are given in Figure 6. The corresponding AuxII cluster present in each sample 

is also depicted in the figure.

Experimental parameters: temperature = 10 K; tπ/2 = 12 ns; tπ = 24 ns; microwave 

frequency = 9.486 GHz, magnetic field = 331.2 mT, τ = 140 ns (A); microwave frequency = 
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9.187 GHz, magnetic field = 321.4 mT, τ = 144 ns (B); microwave frequency = 9.403 GHz, 

magnetic field = 328.4 mT, τ = 144 ns (C). The time increment in both dimensions is 24 ns 

with 180 steps.
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Figure 9. 
Orientation-selected Q-band HYSCORE spectra of dithionite-reduced globally-15N-labled 

D319H. The experimental spectra (contour plot) are in red, while the simulated spectra are 

in blue by using the parameters of g = [2.046, 1.935, 1.922]; A(15N) = [−1.02, −4.55, −1.42] 

MHz, Euler angle = [55, 100, 25]°.

Experimental parameters: temperature = 10 K; tπ/2 = 12 ns; tπ = 24 ns; microwave 

frequency = 34.161 GHz, magnetic field = 1194.4 mT, τ = 388 ns for g = 2.044; microwave 

frequency = 34.161 GHz, magnetic field = 1247.1 mT, τ = 372 ns for g = 1.957; microwave 

frequency = 34.161 GHz, magnetic field = 1269.8 mT, τ = 364 ns for g = 1.922. The time 

increment in both dimensions is 24 ns with 180 steps.
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Figure 10. 
X-band (9.37 GHz) CW EPR spectra of Ti(III) citrate-reduced PqqE samples of wild-type 

(black trace), AuxI/AuxII (blue trace), RS/AuxI (red trace) and RS/AuxII (green trace). The 

control sample (orange trace) is Ti(III) citrate in HEPES-buffered solution. The CW EPR 

spectra were recorded at 10 K using 2.518 mW microwave power (no saturation). The full-

scale spectra showing the Ti(III)-EPR signals dominant in the g ~ 2.0 region are given in 

Figure S6. The corresponding spectra of the dithionite-reduced samples of wild-type, AuxI/
AuxII, RS/AuxI and RS/AuxII are presented in Figure 12, Figure 6 and Figure S9, 

respectively.

Tao et al. Page 30

Biochemistry. Author manuscript; available in PMC 2020 December 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 11. 
X-band (9.37 GHz) CW EPR spectra of Eu(II)-DTPA reduced wild-type PqqE after 

desalting. The red trace and blue trace is the spectrum recorded at 10 K and 25 K, 

respectively. The g1 value of 2.104, 2.059 and 2.040 is corresponding to the AuxI [4Fe–4S]+ 

cluster, the AuxII [4Fe–4S]+ cluster and the RS [4Fe–4S]+ cluster, respectively. The full 

spectra are shown in Figure S11.
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Figure 12. 
X-band (9.38 GHz) CW EPR (A) and Q-band (34.0 GHz) pseudo-modulated electron spin-

echo detected field-swept EPR spectra (B) of dithionite-reduced wild-type PqqE. The top 

black trace is experimental spectrum, while the top red trace is the simulated spectrum 

involving the contributions from three reduced clusters, i.e., the RS cluster with g = [2.040, 

1.927, 1.897], the AuxII cluster with g = [2.059, 1.940, 1.903] and the [2Fe–2S]+ cluster 

with g = [2.004, 1.958, 1.904]. The ratio of these three clusters employed for the simulation 

is 1 : 1 : 1. The CW EPR spectra were recorded at 10 K, with 0.02 mW microwave power 

(no saturation). The Q-band EPR spectra were recorded at 10 K by using a two-pulse 

sequence of π/2-τ-π-τ-echo, with π/2 = 12 ns and τ = 300 ns. The modulation amplitude of 

3.0 mT was used to convert the absorption spectra to the pseudo-modulated spectra in (B).

The bottom three sets of spectra show the corresponding EPR signal for each cluster, with 

the RS cluster, the AuxII cluster and the [2Fe–2S]+ cluster signals obtained from dithionite-

reduced samples of RS-only variant (Figure 3), AuxI/AuxII (Figure 6) and RS/AuxI (Figure 

S13).
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Table 1.

Nomenclature of PqqE variants studied in this work.

nomenclature description replaced residues
nomenclature in previous 

publication11

RS only RS-only with AuxI/AuxII double knockout C310A/C313A/C323A/C325A +RS

AuxI/AuxII RS knockout C28A/C32A/C35A −RS

AuxI/AuxII/D319H D319H with RS knockout C28A/C32A/C35A/D319H -

AuxI/AuxII/D319C D319C with RS knockout C28A/C32A/C35A/D319C -

RS/AuxI AuxII knockout C310A/C313A −AuxII

RS/AuxII AuxI knockout C248A/C268A −AuxI
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Table 2.

Summary of g-values of varying Fe–S cluster species identified in this work.

Fe–S cluster g-values PqqE sample
a Reductant

[4Fe–4S]RS [2.040, 1.927, 1.897] RS only dithionite

CN-bound [4Fc–4S]RS [2.063, 1.957, 1.913] RS only + K13C15N dithionite

[4Fe–4S]AuxII [2.059, 1.940, 1.903] AuxI/AuxII dithionite

CN-bound [4Fe–4S]AuxII [2.087, 1.955, 1.941] AuxI/AuxII + K13C15N dithionite

[4Fe–4S]AuxII with H319 [2.046, 1.935, 1.922] AuxI/AuxII/D319H dithionite

[4Fe–4S]AuxII with C319 [2.042, 1.938, 1.917] AuxI/AuxII/D319C dithionite

[2Fe–2S]AuxI [2.004, 1.958, 1.904] WT, RS/AuxI dithionite

[4Fe–4S]AuxI g1 = 2.104 WT, AuxI/AuxII, and RS/AuxI Ti(III) citrate or Eu(II)-DTPA

a
The sample we employed to identify the corresponding cluster signal.
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Table 3.

Summary of 13C and 15N hyperfine-values of varying 13C15N-bound [4Fe–4S]+ species.

Enzyme CN-bound species g-values A(13C) (MHz) A(15N) (MHz) Ref.

PqqE CN-bound [4Fe–4S]+
RS [2.063, 1.957, 1.913] [−4.00, −4.70, 1.80] [2.00, 0.45, 2.60] this work

PqqE CN-bound [4Fe–4S]+
AuxII [2.087, 1.955, 1.941] [−4.40, −4.40, 1.00] [2.10, 2.10, 0.45] this work

HydG CN-bound [4Fe–4S]+
RS [2.06, 1.95, 1.93] – – 42

HydG CN-bound [4Fe–4S]+
Aux [2.09, 1.94, 1.93] [−5.0, −4.7, 0.9] – 34

IspH CN-bound [4Fe–4S]+ [2.08, 1.94, 1.93] [−3.9, −3.8, 0.1] [1.1, 1.1, 2.3] 43

P. furiosus ferredoxin CN-bound [4Fe–4S]+ [2.009, 1.95, 1.92] [−4.5, −4.5, 0.1] – 44
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Table 4.

Summary of hyperfine and quadrupole coupling values of 14N nitrogen ligated to Fe center.

Enzyme Species g-values aiso (MHz) T (MHz) e2Qq/h
a
 (MHz) η Ref.

PqqE D319H [4Fe–4S]+
AuxII [2.046, 1.935, 1.922] 1.66 0.8 −2.05 0.55 this work

MaNifB K1 [4Fe–4S]+b [2.050, 1.905, 1.900] 3.8 0.9 −2.1 0.4 48

BioB [2Fe–2S]+-14N-Arg
c [1.993, 1.941, 1.847]

d

[2.005, 1.960, 1.881]
e −3.5 −0.9 2.6-2.8 0.36-0.54 49, 50

MitoNEET [2Fe–2S]+-14N-His [2.007, 1.937, 1.897] −6.25 −0.94 −2.47 0.38 51

Reiske
f

[2Fe–2S]+-14N1-His
[2.02, 1.91, 1.75]

−3.6 n.d. 2.2-2.8 0.25-0.69 52

[2Fe–2S]+-14N2-His −4.8 n.d. 2.2-2.4 0.25-0.69 52

Reiske
g

[2Fe–2S]+-14N1-His
[2.01, 1.92, 1.76]

−4.3 −0.74 −2.6 0.31 53

[2Fe–2S]+-14N2-His −5.5 −0.74 −2.3 0.4 53

MoaA
MoaA-GTP [2.063, 1.897, 1.897] 3.6 n.d. −2.8 n.d. 54

MoaA-ITP [2.057, 1.883, 1.883] 3.5 n.d. −3.2 n.d. 54

Myoglobin heme [5.97, 5.97, 2.0] 9.32 1.11 −2.24 0.44 55

a
The quadrupole coupling tensor we report in this work is defined as [P1, P2, P3] = e2Qq/4I(2I-1)h[−1+η, −1-η, 2], with the asymmetry parameter 

η = (P1-P2)/P3, which is in the range from 0 to 1, corresponding to an axially symmetric and rhombic electric field gradient at the nucleus, 

respectively.

b
The cluster is ligated by three cysteine and one putative histidine residue.

c
Paramagnetic intermediate with arginine coordinated to the ferrous of [2Fe–2S]+-MDTB (MDTB = 9-mercaptodethiobiotin).

d
The major component.49,50

e
The minor component.49,50

f
Pseudomonas putida benzene dioxygenase.

g
Pseudomonas cepacia phthalate dioxygenase.
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Table 5.

Type of Fe–S clusters present in PqqE variants in this work.

PqqE Enzyme

Dithionite-reducible cluster Low-potential 
cluster

Fe content Fe/
enzyme

Crosslink 
activity

RS [4Fe–4S]
a AuxII [4Fe–

4S]
b AuxI [2Fe-2S]

c
AuxI [4Fe–4S]

d

wild-type + + + + 13 +

RS only + − − −
g n.d. −

AuxI/AuxII − + + + 10 −

AuxI/AuxII/D319H − +
e + +

g n.d. −

AuxI/AuxII/D319C − +
f + +

g n.d. −

RS/AuxI + − + + 8 −

RS/AuxII + + − − 7 −

a
The g tensor for the RS [4Fe–4S]+ cluster is [2.040, 1.927, 1.897].

b
The g tensor for the AuxII [4Fe–4S]+ cluster with Asp319 as the fourth ligand is [2.059, 1.940, 1.903].

c
The g tensor for the AuxI [2Fe–2S]+ cluster is [2.004, 1.958, 1.904].

d
The g1 = 2.104 for the AuxI [4Fe–4S]+ cluster.

e
The g tensor for the AuxII [4Fe–4S]+ cluster with His319 as the fourth ligand is [2.046, 1.935, 1.922].

f
The g tensor for the AuxII [4Fe–4S]+ cluster with Cys319 as the fourth ligand is [2.042, 1.938, 1.917].

g
The corresponding EPR spectra are provided in Figure S6.
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