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Abstract

NifB, a radical SAM enzyme, catalyzes the biosynthesis of the L cluster (Fe8S9C), a structural 

homolog and precursor to the nitrogenase active-site M cluster ([MoFe7S9C•R-homocitrate]). 

Sequence analysis shows that NifB contains the CxxCxxxC motif that is typically associated with 

the radical SAM cluster ([Fe4S4]SAM) involved in the binding of S-adenosylmethionine (SAM). 

In addition, NifB houses two transient [Fe4S4] clusters (K cluster) that can be fused into an 8Fe 

L cluster concomitant with the incorporation of an interstitial carbide ion, which is achieved 

through radical SAM chemistry initiated at the [Fe4S4]SAM cluster upon its interaction with 

SAM. Here, we report a VTVH MCD/EPR spectroscopic study of the L cluster biosynthesis on 

NifB, which focuses on the initial interaction of SAM with [Fe4S4]SAM in a variant NifB protein 

(MaNifBSAM) containing only the [Fe4S4]SAM cluster and no K cluster. Titration of MaNifBSAM 

with SAM reveals that [Fe4S4]SAM exists in two forms, labeled Fe4S4 SAMA
+

 and Fe4S4 SAMB
2 +

. 

It is proposed that these forms are involved in the synthesis of the L cluster. Of the two cluster 

types, only Fe4S4 SAMB
2 +

 initially interacts with SAM, resulting in the generation of Z, an S = ½ 

paramagnetic [Fe4S4]SAM/SAM complex.
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Radical SAM enzymes are ubiquitous in Nature.1 These enzymes form a superfamily that 

utilize the interaction of S-adenosylmethionine (SAM) with a [Fe4S4]+ cluster to generate 

a 5’-deoxyadenosyl radical (5’-dA•). In most of these reactions, the highly reactive 5’-dA• 

radical undergoes subsequent reactions, typically H-atom abstraction, with a variety of 

substrates. One interesting radical SAM reaction involves the biosynthesis of the highly 

complex metallocofactor (M cluster), which serves as the active site of nitrogenase—

an enzyme responsible for biological nitrogen fixation.2–5 The M cluster ([MoFe7S9C•R­
homocitrate]) is comprised of [MoFe3S3] and [Fe4S3] clusters bridged by three μ2-sulfides, 

and it also contains an interstitial μ6–carbide ion and an organic homocitrate entity at its Mo 

end.6–9

The biosynthesis of the M cluster has long been of interest to chemists and biochemists 

alike because of the complexity and uniqueness of this cofactor. Formation of the M cluster 

is believed to begin with the action of NifS (a cysteine desulfurase) and NifU (a scaffold 

protein), which catalyze the formation of [Fe4S4] clusters.10–13 Subsequently, a pair of 

[Fe4S4] clusters (designated the K cluster) is transferred to NifB, where they are fused into 

an 8Fe L cluster ([Fe8S9C]) concomitant with the insertion of a carbide ion into the central 

cavity of the cluster. The L cluster is then transferred to NifEN, another scaffold protein, 

where one of its terminal Fe atoms is replaced by Mo and R-homocitrate to generate a 

fully-complemented M cluster.11

Like most members of the radical SAM enzyme superfamily, NifB contains a characteristic 

CxxCxxxC motif that is involved in ligating three Fe atoms of a [Fe4S4] cluster.1 The 

fourth Fe atom of this permanent [Fe4S4] cluster (designated [Fe4S4]SAM) remains free 

and serves as the primary site for SAM binding. In addition, NifB contains extra ligands 

for the coordination of a transient pair of [Fe4S4] clusters (K cluster), which can be 

coupled into an 8Fe core (L cluster) of the M-cluster concomitant with carbide insertion. 

Previously, the NifB protein from a mesophilic methanogen, Methanosarcina acetivorans, 

was heterologously expressed in Escherichia coli.14 A monomer of ~38 kDa, this NifB 
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protein (designated MaNifB) was shown to be fully active in converting the K cluster to an 

L cluster upon incubation with SAM.14 Recently, the presence of a permanent [Fe4S4]SAM 

cluster and the transient K-cluster on NifB was further confirmed by combined biochemical 

and spectroscopic investigations, which led to the assignment of three Cys ligands to each 

[Fe4S4] cluster, as well as a fourth His ligand to one of the [Fe4S4] modules of the K cluster, 

on MaNifB.15

Despite the recent progress toward understanding the functionality of NifB, the mechanistic 

details of the biosynthesis of L cluster on NifB remain elusive. Here, we report a study 

that uses a combination of variable-temperature, variable-field magnetic circular dichroism 

(VTVH MCD) and electron paramagnetic resonance (EPR) spectroscopies to study the 

first step in the L cluster synthesis, namely, the interaction of SAM with the permanent 

[Fe4S4]SAM cluster on NifB. Our study reveals that the [Fe4S4]SAM cluster exists in two 

different forms and that one of the forms initially binds SAM and induces a unique inversion 

of the MCD spectrum of the [Fe4S4]SAM cluster on NifB. This previously unobserved 

effect suggests an interaction between SAM and the [Fe4S4]SAM cluster, which primes 

the complex for radical formation in the presence of substrate. These results form a 

basis for further investigation into the unique radical chemistry employed by NifB for the 

biosynthesis of the elusive nitrogenase cofactor.

RESULTS

To understand the initial mechanism of L cluster synthesis and, in particular, the role of the 

NifB-associated [Fe4S4]SAM cluster in this process, a variant MaNifB protein, MaNifBSAM, 

which contains only the [Fe4S4]SAM cluster and no K cluster, was constructed by mutating 

the Cys ligands of the K cluster to Ala.15 Unlike the wild-type MaNifB, MaNifBSAM should 

have the ability to interact with SAM but is unable to carry out subsequent reactions that 

involve the K cluster,14 thereby allowing the first step of the NifB-catalyzed reaction to be 

investigated without interference of the subsequent steps in this complicated process.

Based on the previous observation that the formation of L cluster on NifB maximizes at 

40 mmol*dm−3 SAM,16 the X-band EPR spectrum of MaNifBSAM was recorded in the 

presence of SAM concentrations ranging from 0 to 40 mmol*dm−3 (Figure 1). In the 

absence of SAM,17–19 MaNifBSAM (designated MaNifBA
SAM) exhibits a near-axial EPR 

spectrum (g = 2.017, 1.924, 1.910; σ = 0.030, 0.020, 0.070).15 Addition of SAM induces 

gradual changes in the spectrum, consistent with an interaction of SAM with [Fe4S4]SAM, as 

has been observed for other radical-SAM enzymes.1

To aid the interpretation of the EPR spectra, simulations were performed. These simulations 

revealed that two major signals (Figure 2), one very similar to the original spectrum of 

MaNifBA
SAM (called MaNifBA

SAM *  with g = 2.017, 1.923, 1.885; σ = 0.030, 0.023, 0.085) 

and the other of an unknown cluster Z (g = 1.982, 1.884, 1.866; σ = 0.020, 0.032, 0.032), 

were needed to closely simulate all of the spectra. Based on the results from simulations, the 

relative EPR spin concentrations (from the simulations) of the two signals that contribute to 

each spectrum are plotted in Figure 3.

Rupnik et al. Page 3

J Biol Inorg Chem. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The electronic structure of the cluster species on MaNifBA
SAM was further probed by 

VTVH MCD spectroscopy. As expected, the VTVH MCD spectrum of MaNifBA
SAM

(Figure 4), as expected, exhibits the classic features associated with a [Fe4S4]+ cluster, 

namely, a broad first derivative-like curve centered around 600 nm.20–22 It is important 

to note the absence of detectable spectral components normally associated with [Fe2S2]+ 

or [Fe3S4]0/1+ clusters,22–23 which have been previously detected in preparations of other 

radical SAM enzymes.24 The decrease in the spectral intensity of MaNifBA
SAM with 

increasing temperature (Figure 4) is consistent with the MCD spectrum being assigned to 

a paramagnetic center. Magnetization curves of MaNifBA
SAM (Figure SF1) further suggest a 

paramagnetic (S = ½) spectrum and predict an underlying B-term due to the presence of a 

diamagnetic component.

The MCD spectra of MaNifBSAM (Figure 5) were also recorded for the EPR samples shown 

in Figure 1. What is unexpected and unusual is the general decrease of the intensity of the 

entire MCD spectrum with increasing concentration of SAM. This trend is opposite to the 

increase of the total spin concentration (green line in Figure 3).

The EPR spectral simulations (Figures 2 and SF1) have approximated the relative 

concentration of MaNifBA
SAM at each concentration of SAM (Figure 3). Since the MCD 

spectrum of MaNifBA
SAM is already known (Figure 4), it follows that any underlying 

residual SAM-induced MCD spectra can be derived from the total spectrum (Figure 5). 

Figure 6 shows the derived SAM-induced contributions to the MCD spectra at each 

concentration of SAM.

DISCUSSION

The EPR spectral data presented herein clearly indicate that SAM interacts with the 

[Fe4S4]SAM cluster in MaNifBSAM, as has been observed for other radical-SAM enzymes.1 

Spectral simulations reveal only a small near-linear decrease of the EPR spin concentration 

of the as-isolated paramagnetic cluster in MaNifBA
SAM yet a much larger increase of the EPR 

spin concentration of the newly-formed Z species with increasing concentration of SAM 

(Figure 3). This suggests that Z is not solely directly formed from MaNifBA
SAM. Consistent 

with these results, the total experimental EPR spin concentration, i.e., Z + MaNifBA
SAM

(green data in Figure 3), increases dramatically with increasing concentration of SAM. If Z 

was directly formed from MaNifBA
SAM, the total spin concentration would remain constant.

Simulations also show an interesting effect of SAM on the EPR spectrum of the cluster 

in the parent MaNifBA
SAM. Specifically, in the presence of SAM the EPR spectrum of 

MaNifBA
SAM is slightly shifted to a new form called MaNifBA

SAM *  (see Figure SF2). 

This SAM-induced EPR spectral shift of the cluster in the parent protein is not unique 

to MaNifBSAM and has been observed for other radical-SAM enzymes.25 The origin of 
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the shift is unknown but the fact that the shift is small suggests a distant, non-bonding 

interaction between SAM and the cluster in the parent protein.

Since there is only one [Fe4S4] cluster in MaNifBSAM, it has to be that cluster that 

eventually gives rise to Z. To get around this apparent contradiction, the as-isolated 

MaNifBSAM is proposed to exist as a mixture of two forms, labeled MaNifBA
SAM and 

MaNifBB
SAM. In this proposal, MaNifBA

SAM contains cluster Fe4S4 SAMA
+

, which is EPR- 

and MCD-active (Figures 1 and 4, respectively), while MaNifBB
SAM, in the absence of 

SAM, contains cluster Fe4S4 SAMB
2 +

, which is EPR-silent. This proposal is consistent with 

the metal and spectral analysis of MaNifBSAM,15 which shows that it contains 3.1 ± 0.4 

Fe/protein (78% of the expected occupancy of 4 Fe/protein) and an S = ½ spin concentration 

of 0.38 ± 0.05 per protein. Given the S = ½ spin concentration of approximately 0.5 per 

protein at 100% cluster occupancy, approximately half of the Fe atoms in MaNifBSAM are 

associated with a paramagnetic cluster (i.e., Fe4S4 SAMA
+

) with an S = ½ ground state while 

the remainder half of the Fe atoms are associated with and EPR-silent, diamagnetic cluster 

(i.e., Fe4S4 SAMB
2 +

). The existence of two forms of MaNifBSAM may arise from slight 

structural differences that cause the two cluster forms to have different midpoint potentials 

such that the Fe4S4 SAMB
2 +

 cluster is not reduced in the presence of dithionite.

It is additionally proposed that SAM predominantly interacts with Fe4S4 SAMB
2 +

 to produce 

the EPR-active Z, or

Fe4S4 SAMB
2 + SAM Z (1)

This is consistent with the increase in total spin concentration (green line in Figure 3) with 

increasing concentration of SAM. Fe4S4 SAMA
+

 may also be used to generate Z. However, 

because the EPR spin concentration of Fe4S4 SAMA
+

 appears to decrease only slightly upon 

addition of increasing concentrations of SAM, Fe4S4 SAMA
+

 is likely not the dominant 

reactant that gives rise to Z.

What is Z? Z exhibits a near-axial EPR spectrum that is similar to the published spectra of 

a variety of radical SAM enzymes with SAM bound to them (see Table 2 in Reference 1), 

suggesting a similarity of the structure of Z to those of the SAM-bound cluster species in 

these enzymes. The structures of several enzymes following treatment with SAM have been 

studied using a combination of electron nuclear double resonance (ENDOR) spectroscopy 

and x-ray crystallography. For example, spectroscopic studies of the radical SAM enzymes 

pyruvate formate-lyase activating enzyme (PFL-AE)23, 26–29 and lysine 2,3-aminomutase 

(LAM)30 show binding of SAM as a coordination complex, where the amino and carboxyl 

units of SAM chelate the unique, open Fe site of the Fe4S4 SAM
+  cluster, and these 
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observations have been further confirmed by x-ray crystallographic determinations.31 Figure 

7 shows the crystal structure of PFL-AE (PDB ID 3CB8),32 which is proposed here to be 

similar to the structure of complex Z.

The MCD spectra of the SAM-treated MaNifBSAM samples (Figure 6) are also noteworthy 

as they represent the MCD spectra of the components other than Fe4S4 SAMA
+

 in the 

system that are induced by SAM. In other words, they represent the composite spectra 

of Z and any additional new diamagnetic (i.e., B-terms) and paramagnetic components. 

While the general overall shape of all these difference spectra are similar (see below), 

they are not identical and exhibit small changes with increasing concentration of SAM. 

This observation suggests that the spectra do not represent a single component (i.e., Z). 

Diamagnetic components (i.e., B-terms) exhibit only small MCD spectra at low temperature 

compared with paramagnetic components (i.e., C-terms) and, therefore, will contribute little 

to the total MCD spectrum. While there are no EPR spectral indications of the presence 

of additional paramagnetic species, their presence cannot be completely ruled out. For 

example, Z may be predominantly generated by Fe4S4 SAMB
+

 (Equation 1), while the 

small, near linear decrease in the EPR spin concentration of Fe4S4 SAMA
+

 with increasing 

concentration of SAM could correspond to the formation of an additional unknown EPR­

silent species. Regardless, the MCD spectra of SAM-treated MaNifBSAM samples are likely 

dominated by the spectrum of Z.

Another unusual property of the difference spectra in Figure 5 is that they don’t exhibit 

the characteristic, first derivative-like structure observed for typical [Fe4S4]+ clusters (see 

above for discussion of the results shown in Figure 4), even though Z is presumably a 

major contributor to these spectra. This observation suggests that binding of the organic 

SAM molecule to the cluster in MaNifBSAM may involve an interaction different than that 

typically observed for ordinary amino acid ligands,33 and that such a difference changes the 

MCD spectrum of MaNifBSAM.

Finally, the existence of two forms of the [Fe4S4]SAM cluster in MaNifBSAM may have 

mechanistic relevance to L cluster synthesis, which involves two different radical SAM 

reactions. The first reaction involves the methylation of the K cluster, while the second 

reaction involves hydrogen atom abstraction from the added methyl group, eventually 

leading to the formation of the central carbide atom of the L cluster.2, 15 Since SAM 

initially binds to the Fe4S4 SAMB
2 +

 cluster, that cluster form is likely instrumental in the 

first reaction, namely, methylation of the K cluster. Following methylation, the cluster is 

proposed to be converted to the Fe4S4 SAMA
+

 form, which interacts with SAM to generate 

the 5’-dA• radical for the second reaction, namely, hydrogen atom abstraction of the K 
cluster-bound methyl group. As such, MaNifB is proposed to oscillate between the two 

cluster forms during the synthesis of the L cluster. Obviously, the existence of two cluster 

types in the variant protein is unexpected and a similar EPR/MCD spectroscopic study must 

be undertaken with the wild-type enzyme.
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CONCLUSION

In summary, the EPR and MCD spectroscopic data presented herein suggest that the 

[Fe4S4]SAM cluster in the FeS-reconstituted MaNifBSAM exists in two different forms, 

Fe4S4 SAMA
+

 and Fe4S4 SAMB
2 +

, which may be related to the two different radical SAM 

reactions involved in the synthesis of the L cluster. In this proposal, SAM initially interacts 

with Fe4S4 SAMB
2 +

 at low concentrations to produce Z, a proposed Fe4S4 SAMB
+ /SAM

complex. Why SAM preferentially interacts with Fe4S4 SAMB
2 +

 and not Fe4S4 SAMA
+

 is 

unknown. However, it has been shown that the as-isolated radical SAM enzymes PFL-AE 

and LAM also contain an oxidized [Fe4S4]2+ cluster, which, upon binding of SAM, forms a 

[Fe4S4]2+/SAM complex. This complex is subsequently reduced to a paramagnetic complex, 

[Fe4S4]+/SAM, like that proposed for Z.23, 34 The in vitro reduction of the cluster from 

Fe4S4 SAMB
2 + − SAM  to Fe4S4 SAMB

+ − SAM  is likely carried out by an exogenous 

reductant, such as dithionite, and it occurs because SAM binding has been shown to change 

the redox midpoint, making the reduced [Fe4S4]+ cluster the favored state.34
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Figure 1. 
EPR spectra of MaNifBSAM (black) recorded in the presence of (a) 1 mmol*dm−3 (blue) 

SAM, 5 mmol*dm−3 (red) SAM, 10 mmol*dm−3 (green) SAM and (b) 20 mmol*dm−3 

(red) SAM and 40 mmol*dm−3 (blue) SAM. All samples had a protein concentration of 14 

mg/mL, and the spectra were recorded at a temperature of 20 K, a microwave frequency of 

9.678 GHz, a modulation amplitude of 0.5 mT and a microwave power of 5.0 mW.
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Figure 2. 
EPR spectrum of MaNifBSAM (in 15 mmol*dm−3 SAM, blue) and its spectral simulation 

(0.8 MaNifBA
SAM *  + 0.5 Z; red) using the simulations of MaNifBA

SAM *  (green dashed) 

and Z (orange dashed). For reference, all spectra are plotted to have the same relative spin 

concentration based on double integration.
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Figure 3. 
Spin concentrations, based on the double integration of the EPR spectrum of the 

MaNifBA
SAM sample concentration 0 mmol*dm−3SAM and calculated for the EPR signals 

of the MaNifBA
SAM samples containing > 0 mmol*dm−3 SAM from spectral simulations 

(Figure 1). Spin concentrations of MaNifBA
SAM /MaNifBA

SAM *  are represented by red 

circles, and those of Z are represented by blue squares and line. By contrast, the total 

spin concentration (plotted as green triangles and line) was determined by double integration 

of the experimental spectra. Note that the increase in the total spin concentration of the 

MaNifBA
SAM samples with increasing concentration of SAM (green) is consistent with 

the model proposed in the text. The black dashed line represents a linear approximation 

of the MaNifBA
SAM /MaNifBA

SAM *  data, while the solid green and blue lines connect 

the experimental data points and serve as visual aids of the correlation between spin 

concentrations and concentrations of SAM contained in the MaNifBSAM samples.

Rupnik et al. Page 12

J Biol Inorg Chem. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 

VTVH MCD spectra of MaNifBA
SAM recorded at various temperatures: 1.4 K (red), 4.2 K 

(blue) and 18 K (green). The protein concentration was 28 mg/mL, and the spectra were 

recorded at a magnetic field of 6 T.
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Figure 5. 
MCD spectra of MaNifBSAM recorded in the presence of increasing concentrations of SAM 

from 0 to 40 mmol*dm−3. All protein samples had a concentration of 28 mg/mL, and the 

spectra were recorded at a magnetic field of 6 T and a temperature of 1.4 K. (a) Spectrum 

of MaNifBA
SAM (i.e., 0 mmol*dm−3 SAM; black) and the spectra of MaNifBSAM in 1 

mmol*dm−3 (blue), 5 mmol*dm−3 (red) and 10 mmol*dm−3 (green) SAM. (b) Spectrum 

of MaNifBA
SAM (black), and spectra of MaNifBSAM in 20 mmol*dm−3 (blue) and 40 

mmol*dm−3 (red) SAM.
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Figure 6. 

MCD spectra (at 1.4 K and 6T) obtained by subtracting the MCD spectrum of MaNifBA
SAM

(determined based on the concentrations from Figure 3) from the total spectrum of 

MaNifBA
SAM at the various SAM concentrations (taken from Figure 4). (a) MCD spectra 

in 1 mmol*dm−3 (black), 5 mmol*dm−3 (blue) and 10 mmol*dm−3 (red) SAM. (b) MCD 

spectra in 20 mmol*dm−3 (blue) and 40 mmol*dm−3 (red) SAM. All protein samples had a 

concentration of 28 mg/mL.
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Figure 7. 
The EPR spectrum of Z is similar to those of SAM interacting with other radical SAM 

enzymes suggesting a similarity in their structure. An example of one of those structures 

([Fe4S4]+-SAM) is shown in this figure, which depicts the interaction of the radical SAM 

enzyme, PFL-AE, interacting with SAM. SAM is shown in the stick presentation and the 

[Fe4S4]+ cluster is shown in the ball-and-stick presentation (PDB ID 3CB8).
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