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Abstract: Iron–sulfur clusters are ubiquitous cofactors that mediate central biological processes. However, despite their long his-
tory, these metallocofactors remain challenging to investigate when coordinated to small (≤ six amino acids) oligopeptides in
aqueous solution. In addition to being often unstable in vitro, iron–sulfur clusters can be found in a wide variety of forms with
varied characteristics, which makes it difficult to easily discern what is in solution. This difficulty is compounded by the dynam-
ics of iron–sulfur peptides, which frequently coordinate multiple types of clusters simultaneously. To aid investigations of such
complex samples, a summary of data from multiple techniques used to characterize both iron–sulfur proteins and peptides is
provided. Although not all spectroscopic techniques are equally insightful, it is possible to use several, readily available methods
to gain insight into the complex composition of aqueous solutions of iron–sulfur peptides.
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Résumé : Les agrégats fer-soufre sont des cofacteurs omniprésents qui interviennent dans les processus biologiques centraux.
Cependant, malgré leur longue histoire, ces métallofacteurs restent difficiles à étudier lorsqu’ils sont coordonnés à de petits oli-
gopeptides (≤ six acides aminés) en solution aqueuse. En plus d’être souvent instables in vitro, les agrégats fer-soufre peuvent
exister dans une grande variété de formes aux caractéristiques diverses, ce qui complique l’identification des différentes formes
en solution. Cette difficulté est amplifiée par la dynamique des peptides fer–soufre, qui se coordonnent souvent à plusieurs
types d’agrégats en même temps. Pour faciliter les recherches sur ces échantillons complexes, nous présentons un résumé
des données issues de plusieurs techniques utilisées pour caractériser les protéines et les peptides fer-soufre. Bien que toutes
les techniques spectroscopiques n’offrent pas le même niveau de pertinence, il est possible d’utiliser plusieurs méthodes
facilement accessibles pour mieux comprendre la composition complexe de solutions aqueuses de peptides fer-soufre.
[Traduit par la Rédaction]

Mots-clés : agrégat fer–soufre, métallopeptide, chimie prébiotique, origines de la vie.

Introduction
All living organisms are reliant onmetal ions for structure, sig-

nal transduction, and catalysis. This dependence on metal ions
must reflect the environments fromwhich life evolved and likely
emerged.1 While individual biological molecules can be engi-
neered2 and can evolve away from metal-dependent function,3,4

large scale reorganization leading to decreased reliance on metal
ions appears to be inhibited by a lack of selective pressure for
some metal ions and the pervasiveness, and thus entrenchment,
of some metallocofactors throughout central metabolism. An
illustration of the latter is the continued cellular dependence on
iron ions despite the transition from an anoxygenic, iron-rich
environment to an oxygenated planet with iron concentrations
many fold lower.1 This continued dependence on iron ions has
led to the speculation that the metal mediated cellular chemistry
observed today reflects the types of reactions that were needed

by the first protocellular systems that emerged on our planet.
That is, evolution harnessed what was there from the beginning
by providing scaffolds that fine-tuned the intrinsic reactivity of
availablemetal ions.5,6

Iron is the most abundant transition metal of our universe, our
planet, and of extant biology. Therefore, prebiotic chemistry on
the early Earth must have been influenced by the iron that was
present. Attempts at delineating abiotic reaction networks simi-
lar to contemporary metabolism have frequently relied on the
presence of iron ions,7,8 although alternative scenarios have been
described.9–11 Early enzymesmay have more frequently exploited
iron ions than genomic analyses indicate, as some modern day
enzymes that make use of other divalent cations may have coor-
dinated Fe2+ in the past.4,12 However, the same redox properties
that make iron a versatile and powerful catalyst also make this
metal ion toxic to modern organisms, if not properly regulated.
Indeed, contemporary organisms go through great lengths to

Received 22 August 2021. Accepted 12 December 2021.

L. Valer, D. Rossetto, S. Scintilla, and A. Tomar. Department CIBIO, University of Trento, Via Sommarive 9, Povo, TN 38123, Italy.
Y.J. Hu, S. Nader, and I.O. Betinol. Department of Chemistry, University of Alberta, 11227 Saskatchewan Drive, Edmonton AB T6G 2G2, Canada.
S.S. Mansy. Department CIBIO, University of Trento, Via Sommarive 9, Povo, TN 38123, Italy; Department of Chemistry, University of Alberta, 11227
Saskatchewan Drive, Edmonton AB T6G 2G2, Canada.

Corresponding author: Sheref Mansy (email: sheref.mansy@ualberta.ca).
This paper is part of a special issue dedicated to the careers of Professors Jed Harrison, Charles Lucy, and Richard McCreery of the Department of Chemistry at the University
of Alberta.
© 2022 The Author(s). This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author(s) and source are credited.

Can. J. Chem. 100: 475–483 (2022) dx.doi.org/10.1139/cjc-2021-0237 Published at www.cdnsciencepub.com/cjc on 25 January 2022.

475

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

A
lb

er
ta

 o
n 

08
/3

1/
22

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1139/cjc-2021-0237


traffic iron ions so as to avoid Fenton-like reactions that can dam-
age proteins, DNA, and lipids.13–16

One subset of iron proteins almost universally found in biology
is iron–sulfur proteins. The most common iron–sulfur clusters
include [1Fe-0S], [2Fe-2S], and [4Fe-4S] clusters where the iron centres
are typically tetrahedrally coordinated by the thiolate sidechains of
cysteines (Fig. 1). Polynuclear iron–sulfur clusters are additionally
coordinated by acid labile, bridging sulfides.17 Although protein liga-
tion is typically provided by cysteine residues, there are several
examples of non-cysteinyl ligands. For example, Rieske-like clusters
are [2Fe-2S] clusters in which one iron ion is coordinated by two cys-
teines and the other iron center is coordinated by two histidines.18

Another example is the enzyme aconitase, which coordinates a
[4Fe-4S] cluster with three cysteines. The open coordination
sphere is either occupied by solvent or substrate.19 [1Fe-0S] and
[2Fe-2S] clusters are typically found in biology in two different oxi-
dation states, i.e., [1Fe-0S]3+/2+ and [2Fe-2S]2+/+. Althoughnot thought
to be physiologically relevant, [2Fe-2S]0 clusters can be formed in
dimethylformamide and acetonitrile.20,21 [4Fe-4S] proteins can be
divided into two categories, low potential and high potential. Low
potential iron–sulfur proteins contain a [4Fe-4S]2+/+ cluster, and
high potential iron–sulfur proteins possess a [4F-4S]3+/2+ cluster.
Reduction potentials are strongly influenced by their coordina-
tion sphere within the polypeptide.22 A [4Fe-4S]0 cluster can some-
times be obtained through the use of strong reducing agents, but
this all-ferrous form is not thought to exist in biology.23

Contemporary iron–sulfur proteins catalyze a wide range of reac-
tions inside the cell and play a particularly prominent role in elec-
tron transfer.24 Additionally, iron–sulfur clusters can act as Lewis
acids, as seen with the unique, non-cysteinyl ligated iron centre of
aconitase.19 Iron–sulfur proteins can additionally donate sulfur,
provide structural stability, assemble cofactors, and sense the met-
allation status of the cell.25 Because of their ubiquity, role in central
metabolism, evolutionary conservation, and the ease with which
iron–sulfur clusters assemble in vitro, iron–sulfur clusters are fre-
quently referred to as ancient.26,27 Tellingly, examples of abiotic,
metabolic-like pathways that proceed in the presence of either
metallic iron or iron ions have had difficulty mediating reactions
reliant on iron–sulfur clusters in biology.8,28 Such difficulties may
indicate a need for simple, prebiotically plausible iron–sulfur

cluster catalysts, perhaps similar to the short iron–sulfur peptides
described thus far.29–32

Iron–sulfur clusters have been abiotically synthesized in the
laboratory since at least the 1970s.26 Frequently, these early stud-
ies made use of non-biological scaffolds and biologically inspired,
termini-protected cysteine-containing peptides in organic sol-
vents, such as methanol, tetrahydrofuran, or acetonitrile.33 The
data from these model systems revealed the requirements and
mechanisms for the synthesis of iron–sulfur clusters and aided
efforts to characterize the geometry, stability, magnetism, reduc-
tion potential, ligand exchange rates, and reactivity of a variety
of clusters.26 More recently, iron–sulfur peptides have been syn-
thesized in aqueous solution. For example, the Cowan group synthe-
sized a [2Fe-2S] cluster coordinated to the tripeptide L-glutathione
(cECG) in water.34 Later work showed that iron–sulfur clusters could
be stabilized in aqueous solution by the vast majority of cysteine-
containing tripeptides and that UV light facilitates the synthesis of
[2Fe-2S] and [4Fe-4S] clusters by providing the necessary inorganic
ingredients.29 Duplications of the glutathione sequence into hexa-
and dodeca-peptides increase the stability of the cluster in water,
suggesting that a modified Eck–Dayhoff-like scenario5,31,35 may
have been possible where a protoferredoxin may have emerged
from the accretion of smaller peptides.29,36

The synthesis of longer iron–sulfur peptides frequently exploits
motifs found in nature. For example, the ferredoxinmaquette FdM
from the Dutton group exploits a CX3CX2CX2C motif based on the
[4Fe-4S] cluster binding pocket of Peptococcus aerogenes ferredoxin I;37

however, the need for b-mercaptoethanol suggests that one of the
cysteines may not ligate the cluster. This motif possesses a CX2C
sequence that is extremely common in biology and likely is central
for cluster loading and stability for [1Fe-0S], [2Fe-2S], and [4Fe-4S]
clusters.38 Frequently, three of the cysteine ligands are close in pri-
mary sequence with a more distant fourth cysteine. Alternatively,
two different two cysteine-containingmotifs can be found inwhich
all four cysteines together bind a single [1Fe-0S] or [2Fe-2S] cluster.37

Othermotifs that have been used to synthesize iron–sulfur peptides
include CX2CX2CX2C for ferredoxin-like sequences29,31 and radical
SAM-inspired motifs that contain only three cysteines, such as
CX2CX2C and CX3CX2C.

39 What makes investigating scaffolds that
do not provide four thiolate ligands to the cluster (e.g., hexapep-
tides or shorter that only contain one or two Cys) difficult to

Fig. 1. Different types of iron–sulfur clusters commonly found in biology. [2Fe-2S]0, [4Fe-4S]0, and [4Fe-4S]4+ clusters do not typically form.
An expanded version that includes [3Fe-4S] clusters is provided as Supplementary Fig. S1. The clusters can also be represented in their anionic
form as (RS)4[1Fe-0S]

2–/1–, ferredoxin (RS)4[2Fe-2S]
3–/2–, Rieske (RS)2[2Fe-2S]

1–/0, and (RS)4[4Fe-4 S]3–/2–/1–. [Colour online.]
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characterize is that the same peptide can bind different types of
iron–sulfur clusters at the same time. For example, it is not un-
usual for small (≤6 amino acids) peptides to stabilize the forma-
tion of a mixture of [1Fe-0S], [2Fe-2S], and [4Fe-4S] clusters in
aqueous solution, with the relative ratios reflecting the amount
of hydrosulfide present.30 Because of the complicated electronic
transitions and the variability in extinction coefficients of the
different types of iron–sulfur clusters, deciphering what is pres-
ent can be challenging. Therefore, it is important to collect and
compare data with multiple techniques. To facilitate efforts in
characterizing iron–sulfur peptides, we have attempted to pro-
vide here a brief compilation of published data on short peptides
in organic solvent and aqueous solution along with representative
examples of iron–sulfur proteins. Themain spectroscopic features
of UV–vis absorption, circular dichroism, resonance Raman, para-
magnetic NMR, EPR, and Mössbauer spectroscopies, in addition to
measurements of reduction potentials are provided and reveal the
similarities and differences between different types of iron–sulfur
clusters.

UV–vis absorption spectroscopy
UV–vis spectroscopy is the easiest and most accessible tech-

nique to characterize iron–sulfur peptides. Spectrophotometers
are inexpensive, and the acquisition of spectra is quick. The diffi-
culty lies with the fact that there is much overlap in spectral fea-
tures, which canmake quantitative analysis of mixtures difficult.
Spectral decomposition programs can help to identify the types
of clusters present in aqueous solution. Recently, an easy-to-
use Microsoft Excel based spectral decomposition tool was made
freely available.40 Generally, iron–sulfur clusters absorb in the
300–800 nm range, reflecting the LMCT (ligand-to-metal charge
transfer) transitions (Fig. 2A).41 The simplest iron–sulfur complex
found in proteins is that of rubredoxin, which is why [1Fe-0S]
complexes are frequently referred to as rubredoxin-like centres.
For such [1Fe-0S] complexes, these bands correspond to Fe (3d) /
S-Cys (n). For comparison, the UV–vis spectra of oxidized [1Fe-0S]3+

rubredoxin show several peaks between 350 nm and 380 nm,

with a maximum absorbance at �490 nm and a broad band
centered near 560 nm.42,43 The extinction coefficient of [1Fe-0 S]3+

rubredoxin at 490 nm is �7000 M–1 cm�1.40 Small (≤6 amino acids)
[1Fe-0S]3+ peptides rarely show similar spectra to the rubredoxin
protein. Instead, a single broad band at �490 nm is typically
observed.44,45 The reduced [1Fe-0S]2+ state for both rubredoxin and
peptides show much less spectral features, with a main peak
centered near 310 nm and a shoulder at 350 nm (Supplementary
Table S1).46–49

[2Fe-2S]2+ clusters give the most distinctive UV–vis spectra that
are remarkably similar between full-length proteins and pep-
tides.28 The bands at approximately 420 and 450 nm,mainly attrib-
utable to Fe (3d) / l-S (n) electronic transitions in the visible
region,50 are the most diagnostic for the presence of a [2Fe-2S]2+

cluster,51–55 although there are also bands at 330 nm and occasion-
ally a discernable broad band between 550 and 600 nm.The extinction
coefficient of [2Fe-2S]2+ ferredoxin at 420 nm is�11000M–1 cm�1.55 The
[2Fe-2S]2+ cluster of Rieske proteins with two Cys and two His
ligands show bands at 460 and 490 nm.18,56 Spectra of [2Fe-2S]+ clus-
ters are generally less featured, with a single broad band at 410 nm
(Supplementary Table S2).
[4Fe-4S]2+ clusters typically show a broad band between 400

and 420 nm both in low potential proteins57–63 and synthetic ana-
logues.36,38,58,64–68 The extinction coefficient of [4Fe-4S]2+ ferre-
doxin at 390 nm is �17000 M–1 cm�1.58 High-potential iron–sulfur
proteins (i.e., HiPIP) with a [4Fe-4S]2+ cluster are similar, showing a
broad band in the range of 380–420 nm. [4Fe-4S]+ clusters are typi-
cally characterized by the absence of any distinctive absorption
band in the visible region,69,70 whereas [4Fe-4S]3+ clusters display a
red-shifted broad band at �450 nm flanked by a broad band at
320 nm (Supplementary Table S3).71

Circular dichroism spectroscopy
The environment surrounding an iron–sulfur cluster within a

protein is asymmetric, which can be exploited by circular dichro-
ism (CD) spectroscopy to gain some insight into the type of cluster
present (Supplementary Table S4).47–49 Such spectra are collected

Fig. 2. Spectra of aqueous mixtures of iron–sulfur clusters stabilized by glutathione (cECG). (A) Spectra are of [1Fe-0S]2+ GCPLCG (blue),
[2Fe-2S]2+ PESCKAGACSTCAGPDLTCT (red), and [4Fe-4S]2+ KLCEGGCIACGACGGW (yellow). All spectra arise from the mixing of 1.25 mM
peptide, 0.4 mM Fe3+, and 50 mM Gly-Gly at pH 8.7. The conditions for [2Fe-2S]2+ PESCKAGACSTCAGPDLTCT and [4Fe-4S]2+ KLCEGGCIACGACGGW
also contained 0.19 mM and 0.8 mM hydrosulfide (HS–), respectively. Further, the conditions for the [4Fe-4S]2+ peptide included 2% (v/v)
b-mercaptoethanol. Spectra were plotted from previously published data,40 and the raw data are available at Zenodo.50 (B) UV–vis spectrum of
40 mM glutathione, 0.5 mM Na2S, and 0.5 mM FeCl3 at pH 8.6, which contained a mixture of types of iron–sulfur clusters. (C) Paramagnetic
1H NMR spectrum of a similar sample (150 mM glutathione, 1.88 mM Na2S, and 1.88 mM FeCl3 at pH 8.6) revealed the presence of [1Fe-0S]2+,
[2Fe-2S]2+, and [4Fe-4S]2+ clusters at 210 ppm (blue), 33 ppm (red), and 11.8 ppm (yellow), respectively. [Colour online.]
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in the near-UV and visible regions, probing the same electronic
transitions seen when collecting absorption spectra as described
above.73,74 Although there is much variability in what is observed
by CD spectroscopy, CD spectra do not require labeled nor high
concentrations of sample and are easy to acquire. Further, free
metal ions do not give rise to interfering absorbance, since [Fe
(H2O)6]

2+, for example, is achiral.75 CD spectra of [2Fe-2S]2+ and [4Fe-
4S]2+clusters tend to both show two clear positive bands near
450 nmand 550 nm.75,76 The [1Fe-0S]3+ of rubredoxin also has a posi-
tive band near 450 nm but a negative band near 550 nm.75 How-
ever, given that CD spectra are greatly impacted by geometry and
symmetry, spectra can look different in wavelength and intensity
for the same cluster type coordinated to different proteins. CD
spectroscopy can also be used to confirm ligand substitution. For
example, the visible CD spectra of [2Fe-2S]2+ Rieske proteins (2 Cys
and 2 His ligands) show a prominent negative band at 370 nm,
which is not seen for adrenodoxin (4 Cys ligands).56 This makes CD
spectroscopy useful in monitoring the transfer of cluster from one
protein to another.77 Conversely, iron–sulfur clusters coordinated
to small peptides are often spectroscopically silent by CD or display
weak CD bands. The lack of CD spectra indicates a symmetric envi-
ronment around the iron–sulfur cluster.78 Taken together, CD is a
quick and usefulmethod to characterize iron–sulfur proteins but is
generally more useful for monitoring perturbations to the cluster
environment or reactions over time as opposed to providing con-
vincing evidence of cluster type. A similar, complementary tech-
nique is magnetic circular dichroism (MCD), which incorporates a
magnetic field to help distinguish between overlapping electronic
transitions. Despite being superior to absorption and non-magnetic
circular dichroism,73,79 MCD spectrometers are not readily available
to typical laboratories.

Resonance Raman spectroscopy
Resonance Raman (RR) spectroscopy is a powerful tool for the

identification and characterization of metal sites and the elucida-
tion of structure–function relationships of metalloproteins and
metallopeptides. RR spectroscopy is particularly insightful when
investigating iron–sulfur clusters that are diamagnetic and thus
EPR silent (e.g., [2Fe-2S]2+ and [4Fe-4S]2+ clusters). Incident light
that excites the Fe/ S charge transfer electronic transitions (LMCT)
enhances spectra manyfold, greatly facilitating spectral acquisi-
tion. For this reason, the wavelength of excitation often matches
the characteristic spectral features of the cluster species. Commonly
used excitation wavelengths are 406 nm, 458 nm, and 496 nm. The
resulting spectra are sensitive to the configuration, symmetry, na-
ture of ligands, and ultimately the type of iron–sulfur cluster pres-
ent (Supplementary Table S5).80,81

RR spectra of ferric rubredoxin ([1Fe-0S]3+, but not [1Fe-0S]2+, is
RR active) show a characteristic, but not necessarily resolved,
four-line pattern in the 310–380 cm–1 range, which originate
from Fe–S stretching modes that involve mostly symmetric and
asymmetric changes of the lengths of the four Fe–S(Cys) bonds.
The most intense band, found at ca. 315 cm–1, is attributed to a
totally symmetric breathingmode of the FeS4 tetrahedron. Bands
of significantly lower intensities, centred at �360 cm–1, originate
from triply degenerate asymmetric Fe–S stretching.82

[2Fe-2S] clusters are usually RR active as [2Fe-2S]2+ and less fre-
quently as [2Fe-2S]+. Generally, the RR spectra of [2Fe-2S]2+ ferre-
doxins are more complex and more informative than RR spectra
of rubredoxin. For [2Fe-2S]2+ clusters, the predominant mode is
found near 290 cm–1 for a cluster completely coordinated by cys-
teines. Two additional, well-resolved modes are found within
320–340 cm–1 and (or) at 390–400 cm–1.83 [2Fe-2S]+ clusters show
bands of similar relative intensities as for [2Fe-2S]2+ clusters but
are shifted to lower frequencies by 15–40 cm–1.84 Rieske iron–
sulfur clusters are Raman active as [2Fe-2S]2+. Because of the
lower symmetry of the cluster, RR spectra of Rieske proteins have

a higher number of bands in the 200–450 cm–1 region than their
[2Fe-2S]2+ ferredoxin-like counterparts.85

[4Fe-4S]2+ clusters are Raman active. For all cysteinyl-coordinated
[4Fe-4S]2+ clusters, the most intense band falls in the 330–340 cm–1

range. The terminal modes are found at approximately 360 cm–1

and 390 cm–1.86 The HiPIPs contain a [4Fe-4S]3+/2+ cluster and both
are Raman active. As seen for low potential [4Fe-4S]2+ clusters, RR
spectra of [4Fe-4S]3+ HiPIP are dominated by the totally symmetric
bridging vibration of the cluster core, which is found within the
340–345 cm–1 region. RR spectra of reduced [4Fe-4S]2+ HiPIP are
quite similar to spectra of oxidized [4Fe-4S]3+ HiPIP with the most
intense band lying at ca. 335 cm–1.68

Paramagnetic NMR spectroscopy
The history of paramagnetic NMR is longer than often appreci-

ated with spectra of cytochrome c and a non-heme iron protein
published in 1965 and 1977, respectively.43,87 Insightful reviews
on the use of paramagnetic NMR for the study of iron–sulfur pro-
teins have been previously published.88,89 Unlike many of the
techniques used to interrogate iron–sulfur clusters, paramagnetic
NMR can typically observe iron–sulfur clusters at all of their oxida-
tion states and can be acquired at room temperature. Unpaired
electrons possess a magnetic moment �600 fold greater than the
magnetic moment of a proton, which significantly influences the
surrounding nuclei, with broadening observed with a 1/r6 depend-
ence from the metal centre.90 Depending on the rate of electronic
relaxation of the paramagnetic centre, nearby nucleimay either be
quenched or shifted, with the latter giving rise to what is known as
hyperfine shifted resonances. In the case of iron–sulfur clusters,
the presence of the paramagnetic core will considerably influence
the resonances of surrounding nuclei, particularly the protons
of ligating cysteines and NH groups involved in HN–S interac-
tions.91,92 Paramagnetic NMR is described in greater depth here
more than the other techniques, because most laboratories have
easy access to NMR spectrometers.
[1Fe-0S]3+ rubredoxin contains a single ferric ion with S = 5/2. The

fast relaxation occurring in the presence of this high spin metal
ion strongly influences both the hyperfine shift of the resonances
and their linewidths. Cys Ha nuclei are typically easily observed
within the 10–20 ppm region (Supplementary Table S6).93,94 How-
ever, the detection of the Cys Hb is more difficult. Broadening is often
significant enough to make the Cys Hb resonances unobservable.
However, when the Cys Hb resonances are seen, the resonances fall
within the 100–300 ppm range. Better spectra may be obtained by
deuterium NMR with 2Hb-Cys-labelled proteins, which may allow
for the detection of all the Cys Hb signals between 300 and
700 ppm. It is difficult to observe [1Fe-0S]3+ coordinated to small
peptides, because the iron ion is frequently reduced to Fe2+ with
concomitant oxidation of non-ligating cysteines.29 The [1Fe-0S]2+

state of the protein rubredoxin possesses a single ferrous ion with
S = 2. This high-spin metal ion still induces considerable downfield
hyperfine shifts of Cys Hb resonances (in the 180–250 ppm region)
but with significantly sharper signals with respect to that of the
[1Fe-0S]3+. Resonances of Cys Ha may be observed between 10–
20 ppm and –20–0 ppm. Paramagnetic 1H spectra of [1Fe-0S]2+ pep-
tides are characterized by similar signals in polar organic solvents,
such as acetonitrile and dimethylsulfoxide (DMSO), and water sug-
gesting negligible solvent effects on the cluster corewith respect to
proteins (Supplementary Fig. S2a).49,95 The spectra are in general
consistent with those of Fe2+, which have shorter electronic relaxa-
tion times and better resolved 1H NMR resonances in comparison
with Fe3+ species.49,93

[2Fe-2S]2+ clusters contain two antiferromagnetically coupled
Fe3+ ions that give rise to a S = 0 ground state. Due to coupling,
the resulting Hb resonances of ligating cysteines in ferredoxins
are found much more upfield (between 20 and 40 ppm) and are
broader with respect to what is found for [1Fe-0S]3+. In addition,
the Ha resonances fall in the diamagnetic envelope for some
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ferredoxins.96,97 [2Fe-2S] Rieske clusters display a similar broad
resonance between 20 and 40 ppm as seen with ferredoxins (Sup-
plementary Fig. S2b).95 The shift of the Cys Hb resonances of spec-
tra of reduced [2Fe-2S]+ ferredoxins are more variable. When
reduction leads to a mixed valence cluster, i.e., a [2Fe-2S]+ cluster
containing one ferric and one ferrous ion, the resonances are
sharper98,99 than when the additional electron is delocalized
over both iron ions, i.e., when the cluster contains two Fe2.5+. In
the first case, the sharp resonances are localized upfield, in the
region from –15 to 45 ppm, and downfield in the 80–140 ppm
range.56,100 In the second case, the CHb resonances are broader
and sometimes below the limit of detection. [2Fe-2S]2+ peptides
display hyperfine shifts similar to [2Fe-2S]2+ proteins (Supple-
mentary Fig. S2b).53–55 However, few examples of [2Fe-2S]+ pep-
tides characterized by NMR have been reported. One example is
of a 20 amino acid peptide with a [2Fe-2S]+ cluster that exhibited
broad proton resonances of the ligating cysteines in the 10–
40 ppm region.54

[4Fe-4S]2+ clusters are themost frequently encountered form of
[4Fe-4S] clusters and contain two identical, valence delocalized,
Fe2.5–Fe2.5+ pairs that are antiferromagnetically coupled with a
S = 0 ground state. [4Fe-4S]2+ proteins exhibit hyperfine resonan-
ces of Cys Hb in a narrow range between 10 and 20 ppm.101,102

Upon reduction to [4Fe-4S]+, the obtained S = 1/2 ground state can
be described as the antiferromagnetically coupling of a mixed va-
lence Fe2.5+–Fe2.5+ pair with a purely ferrous pair, Fe2+–Fe2+, with
associated hyperfine resonances spread over a wider 10–60 ppm
range.100,103,104 The less common [4Fe-4S]3+ HiPIPs give the clear-
est paramagnetic NMR spectra with sharp, well-resolved resonan-
ces appearing within 40 to 90 ppm.105 The spectral improvement
is the result of larger magnetic couplings among the iron ions
and thus shorter electron spin relaxation times in comparison
with [4Fe-4S]2+ and [4Fe-4S]+ clusters.89 There are several published
examples of paramagnetic NMR spectra of [4Fe-4S]2+ peptides. The
spectra are similar to spectra of [4Fe-4S]2+ proteins, with Cys Hb

resonances shifted to 0–20 ppm (Supplementary Fig. S2c).65,66,106–108

Conversely, only one example of [4Fe-4S]+ peptide spectra is reported.
This dodecapeptide coordinates the iron–sulfur cluster with four
Cys residues that show a and b proton resonances between 10 and
75 ppm.30 Paramagnetic 1H spectroscopy has been used to decipher
solutions containing a mixture of different types of iron–sulfur
clusters in organic solvent109 and aqueous solution (Figs. 2B and
2C). Such equilibria have also been quantified by Mössbauer
spectroscopy.29

EPR spectroscopy
Just as for NMR spectroscopy, electron paramagnetic resonance

(EPR) spectroscopy exploits the presence of a magnetic moment
(electronic, in this case) immersed in an external magnetic field,
that interacts with an electromagnetic frequency.110 Briefly,
EPR-active molecules possess one or more unpaired electrons.
Detected signals are affected by their chemical environment
and are reported relative to the frequency of a free unpaired
electron (ge). Different than NMR spectroscopy, EPR acquisi-
tions require much higher frequency (microwaves) and low
working temperatures as the relaxation times are much faster.
Therefore, with a solid sample, g is composed of three spatial
components depending on the orientation of the dipole with
respect to the applied magnetic field, whose entity depends on
the symmetry of the electronic distribution in the molecule.
Similar to paramagnetic NMR spectroscopy, the interaction
between an unpaired electron and the nuclear magnetic moment
(i.e., the electron-nuclear hyperfine interaction) provides informa-
tion on the molecule. Differently than NMR spectroscopy, nuclear–
nuclear spin interactions are negligible in EPR. On the contrary, the
electron–electron coupling in the presence of more unpaired elec-
trons can differently affect the signals depending on the strength of

the interaction (antiferromagnetic/ferromagnetic coupling or spin-
correlated electronic couples in case of strong or weak electron–
electron coupling, respectively).
Continuous wave (CW) and pulsed EPR spectroscopy are possi-

ble. In CW EPR, an electromagnetic frequency continuously irra-
diates the sample, and resonances are generated by sweeping the
magnetic field over a specific range. As a result, only the electron-
nuclear hyperfine couplings are observed, and spectra are pre-
sented as derivatives. CW is the most common EPR technique. In
pulsed EPR experiments, more similarly to NMR spectroscopy,
the sample is irradiated by electromagnetic pulses. However, dif-
ferently than in NMR spectroscopy, the magnetic field could be
kept fixed or varied, depending on the desired investigation, provid-
ing information on specific interactions in detail. Electron–nuclear
double resonance (ENDOR) and hyperfine sublevel correlation (HYS-
CORE) are typical pulse EPR experiments.110 Signal fitting is usually
required for a correct interpretation of the EPR spectra, with many
tools available for this purpose.111

The presence of unpaired electrons within an iron–sulfur cluster
makes EPR spectroscopy perfectly suitable for the interrogation of
the cluster. However, unlike paramagnetic NMR spectroscopy, only
iron–sulfur clusters with an S integer (S = 1, 2, . . . n) or half-integer
are EPR active. Anti-ferromagnetic spin coupling in [2Fe-2S]2+ and
[4Fe-4S]2+ make these clusters EPR silent (S = 0). Conversely, their
reduced forms, i.e., [2Fe-2S]+ and [4Fe-4S]+, are EPR active with S =
1/2. EPR spectra of [1Fe-0S]3+ rubredoxins isolated from different
organisms typically report signals at g = 4.3 and g = 9.7 (Supplemen-
tary Table S7), assigned to excited and ground state transitions,
respectively.112–115 However, different values have been recorded de-
spite the [1Fe-0S]3+ complex existing in the same oxidation state
and geometry, demonstrating the impact of the chemical environ-
ment on EPR spectra.116 Althoughhigh-spin (S = 2) ferrous ion is par-
amagnetic, EPR studies of this ion coordinated to peptides and small
molecules are notably problematic. Often the resulting [1Fe-0S]2+ is
reported as EPR silent.113,115 Frozen aqueous solutions of ferrous com-
plexes with b-mercaptoethanol, dithiothreitol, and the tripeptide
glutathione exhibit a signal at g = 10 that is assigned to a pseudo-
tetrahedral geometry.117,118 However, Knapp et al. used high frequency
EPR spectroscopy to show g values for mononuclear, non-peptidyl
Fe2+ analogues in organic solvent (gx = gy = 2.08, gz = 2.00).

119

Polynuclear clusters, when they are not EPR silent, generally
show g values near 1.94. For example, [2Fe-2S]+ ferredoxins (S =
1/2) exhibit EPR resonances with typical average g values near
1.94,55,120 and EPR spectra of [2Fe-2S]+ Rieske proteins have a
g value of approximately 1.9.121 Different types of ferredoxins can
be distinguished by three g values, including plant-type (g1 = 1.88,
g2 = 1.96, g3 = 2.05), vertebrate-type (g1 = 1.94, g2 = 1.94, g3 = 2.02),
and bacterial-type (g1 = 1.92, g2 = 1.94, g3 = 2.00) ferredoxins.

52 Sim-
ilar values are observed for non-proteinaceous [2Fe-2S]+ clusters
stabilized by bulky synthetic ligands or a 20 amino acid peptide
in aqueous solution.54,122 A [2Fe-2S]+ cluster coordinated by a pep-
tide with a CX2C motif showed EPR spectra with average g values
near g � 1.94. However, [2Fe-2S]+ peptides frequently show signs
of decomposition at g = 4, consistent with either reductively labil-
ity or reductive coupling to form an EPR silent [4Fe-4S]2+ cluster.53

Interestingly, [2Fe-2S]1+ clusters typically exhibit slow relaxation,
resulting in non-significant broadening at 70 K.23

[4Fe-4S] clusters have been extensively characterized by EPR
spectroscopy. [4Fe-4S] clusters are EPR active in the low-potential
reduced [4Fe-4S]+ state and in the high-potential oxidized [4Fe-4 S]3+

state, both having S = 1/2. [4Fe-4S]+ clusters tend to give more con-
sistent spectra with typical average g values near 1.96.66,123 Protein
bound [4Fe-4S]3+ clusters are more variable but show an average
g value of 2.01,124,125 plus additional features indicative of heteroge-
neity.68,69 A [4Fe-4S]+ dodecapeptide with four cysteine ligands to
the cluster gave EPR spectra similar to that of a [4Fe-4S]+ protein, as
shown by simulations with g1 = 2.0445, g2 = 1.9365, and g3 = 1.903.30
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Differently than [2Fe-2S]+ clusters, [4Fe-4S]1+ clusters show faster
relaxation and are only generally observable below30K.23

Mixtures of iron–sulfur clusters can be deconvoluted by exploit-
ing the different relaxation times of each species. By using specific
pulse sequences, the signal of a specific overlapped species might
be selectively suppressed (REFINE Spectroscopy). Similarly, the
effect of temperature on the signals of CW spectra can help deter-
mine the contributions of each iron–sulfur cluster in solution. For
example, overlapped peaks of [4Fe-4S]+ and [2Fe-2S]+ clusters may
be disentangled by experiments that reveal the progressive loss in
intensity of one component, i.e., that of the [4Fe-4S]+ cluster, with
increasing temperature until ultimately leaving spectra solely con-
sisting of the [2Fe-2S]+ component, which remains unaffected by
temperature until approximately 70 K.23,126

Mössbauer spectroscopy
Mössbauer spectroscopy is extremely useful in characterizing

iron–sulfur clusters. This technique can identify every type of
iron–sulfur cluster and every iron centre present within the sam-
ple in a way that reveals their spin state, oxidation state, and elec-
tronic structure and gives insight into the coordination sphere
(Fig. 3).127 Importantly, absorption is directly correlated to con-
centration, so the relative ratios of resonant nuclei can be dis-
cerned. Limitations of the technique include the need for 57Fe
labelled samples to absorb the c-rays emitted from the 57Co
source,128–130 and the need to either work with frozen samples at
low temperatures or with precipitated complexes at higher tem-
perature, i.e., the sample must be in the solid state to exploit the
Mössbauer effect. If not in the solid state, nuclear recoil experi-
enced by the emitting 57Co and absorbing 57Fe nuclei leads to
energy loss and decreased absorption. If both emitting and
absorbing nuclei are embedded in a solid matrix, the loss in

nuclear recoil is minimized, allowing for resonance absorption
of c rays to occur. Spectra are obtained by scanning an energy
range through the Doppler effect. That is, the source is physically
moved at defined velocity to modulate the radiant energy, which
is why the x axis of Mössbauer spectra is frequently expressed in
millimetres per second. The y axis simply reports the transmis-
sion of c rays.
Similar to EPR and paramagnetic NMR spectroscopies, the rich-

ness of the data obtained from Mössbauer spectroscopy is due in
large part to hyperfine interactions, i.e., interactions between
the nucleus and nearby electrons. Of these hyperfine interac-
tions, the isomer shift (d ) provides a measure of the s electron
density at the 57Fe nucleus and is influenced by the p and d elec-
trons by means of electrostatic shielding. d is a key parameter for
the assignment of iron oxidation states, due to the dependence
of the charge density at the iron nucleus. Quadrupole splitting
(DEQ) typically reflects the population of the iron d orbitals, as
well as the (a)symmetry of the ligand charges surrounding the
57Fe nucleus.131 In short, the electronic environment of the iron
nucleus causes variations in the charge density that is detectable
by Mössbauer spectroscopy (Fig. 3A). Similar to EPR spectroscopy,
Mössbauer spectra require fitting to accurately decipher the spec-
tral parameters associated with each species in the sample.
Usually, [1Fe-0S] gives rise to a single signal split into two peaks.

Mössbauer spectra of oxidized rubredoxin ([1Fe-0S]3+) is charac-
terized by d � 0.25 mm/s and DEQ � 0.5–0.8 mm/s, whereas
reduced rubredoxin ([1Fe-0S]2+) is characterized by d � 0.7 mm/s
and DEQ 3.1–3.6 mm/s.131–135 [1Fe-0S]2+/3+ coordinated to cysteinyl
peptides and other organic thiols show d and DEQ similar to that
observed for rubredoxin (Fig. 3B).28,114,132 [2Fe-2S] and [4Fe-4S]
clusters give rise to more complex Mössbauer spectral patterns,
especially when the iron ions do not share the same oxidation

Fig. 3. Mössbauer spectroscopy of iron–sulfur peptides. (A) Typical Mössbauer spectral parameters of common iron–sulfur clusters.
(B) Mössbauer spectrum of Fe2+ coordinated by glutathione (100 mol% Fe2+). (C) Mössbauer spectrum of a mixture of [1Fe-0S]2+ and [2Fe-2S]2+

clusters coordinated by glutathione (21 mol% [2Fe-2S]2+ and 79 mol% Fe2+). (D) Mössbauer spectrum of a sample containing [1Fe-0S]2+, [2Fe-2S]2+,
and [4Fe-4 S]2+ clusters coordinated by glutathione (10 mol% [4Fe-4S]2+, 64 mol% [2Fe-2S]2+, and 26 mol% Fe2+). Panels B, C, and D are adapted
from Nature Chemistry, Vol. 9, pp. 1229–1234, 2017, Springer Nature.30 [Colour online.]
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state. [2Fe-2S]2+ ferredoxins (S = 5/2) typically show a doublet for
the two ferric ions that are antiferromagnetically coupled with
d � 0.3 mm/s and DEQ � 0.6 mm/s, typical for complexes contain-
ing high-spin Fe3+ (Fig. 3C).136–139 Mössbauer spectra of [2Fe-2S]+

ferredoxins (S = 1/2) appear as a superimposition of spectra
typical for thiol-coordinated Fe3+ and Fe2+ complexes, with equiv-
alent intensities and distinct parameters (Fe2+: d � 0.7 mm/s,
DEQ � 3 mm/s; Fe3+: d � 0.25 mm/s, DEQ � 0.7 mm/s) revealing
valence-localized Fe3+ and Fe2+ sites.136,140 Mössbauer spectra of
[2Fe-2S]2+ glutathioneare similar to that of [2Fe-2S]2+ ferredoxin.29,33,141,142

Mössbauer spectra have been also reported for oxidized Rieske pro-
teins, with signals (Fe2+: d = 0.74 mm/s, DEQ = 3.05 mm/s; Fe3+ d =
0.31mm/s,DEQ = 0.63mm/s) that are similar to ferredoxins.143

[4Fe-4S]2+ clusters (S = 0) are the best characterized by Mössba-
uer spectroscopy. All the iron ions are essentially indistinguish-
able with similar isomer shifts (d � 0.45 mm/s) and quadrupole
splitting (DEQ� 1.0–1.3mm/s) parameters.15,49 Similar parameters
are found for glutathione stabilized [4Fe-4S]2+ cluster (Fig. 3D).29

[4Fe-4S]+ clusters (S = 1/2) are fit as an overlap of a diferrous pair
antiferromagnetically coupled with a pair of Fe2.5+ centres. For
these systems, the isomer shift for the Fe2+ pair is d �0.60 mm/s
(DEQ � 3.1–3.6 mm/s) and d �0.49 mm/s (DEQ � 1.0 mm/s) for the
Fe2.5+ pair.144–146 The [4Fe-4S]3+ cluster (S = 1/2) of HiPIPs show spec-
tra indicative of a pair of Fe3+ (d � 0.29 mm/s and DEQ �0.88 mm/s)
that is antiferromagnetically coupled to that of a pair of Fe2.5+

(d � 0.40mm/s and DEQ� 1.0 mm/s).147,148

Reduction potential
The reduction potential of iron ions are strongly affected by sol-

vent accessibility, the charges of neighboring residues, and the
ligating residues.149 Therefore, reduction potentials can be corre-
lated to some extent with the type of iron–sulfur cluster, but cor-
roborating evidence is typically needed (Fig. 4) (Supplementary
Table S8).150 The reduction potential of [1Fe-0 S]3+/2+ proteins are typ-
ically between 0 and –340 mV (vs SHE).44,151 Synthetic [1Fe-0S]3+/2+

analogues coordinated by small peptides tend to have more nega-
tive reduction potentials compared with their protein counter-
parts.49,92,151 Ferredoxin-like [2Fe-2S]2+/+ clusters display a wider
range of reduction potentials from –150 to –400 mV (vs SHE).55,150

Coordination by histidines, e.g., Rieske clusters, confers amore posi-
tive potential (0 to 400 mV),152 although measured potentials are
highly dependent on pH.153 Here again, non-proteinaceous [2Fe-2 S]2+/+

complexes have a more negative reduction potential.54,92 For
example, Ueno et al. reported a synthetic [2Fe-2S] cluster coordi-
nated by a small peptide that contained a CX2C sequence with a
reduction potential of –1100 mV (vs SHE).53 The reduction poten-
tial of [4Fe-4S]2+/+ (i.e., low potential, ferredoxin-like) proteins fall
in the range of –200 to –800 mV (vs SHE),58,62 whereas [4Fe-4S]3+/2+

(i.e., high potential, HiPIP-like) are typically between +100 and
+500 mV (vs SHE).68 Synthetic approaches are capable of produc-
ing low potential analogues in aqueous solution.30,57,64,66,106,154

Analogues of HiPIPs have been more difficult to synthesize, with
one successful example in tetrahydrofuran reported (–180 mV vs
SHE).155 Measurements of reduction potential can be combined
with spectroscopic techniques to more deeply characterize the
kinetics underlying redox activity. Such spectroelectrochemistry
is generally applied to the study of iron–sulfur proteins by
exploiting UV–vis.156 Recently, this approach was used to charac-
terize iron–sulfur oligopeptides.151 However, as with several techni-
ques, measurements can be challenging when analyzing solutions
ofmixtures of iron–sulfur clusters.

Conclusions
Iron–sulfur clusters are ancient biological cofactors that have

been investigated for over half a century.152 Nevertheless, thesemet-
allocofactors can be challenging to characterize when coordinated
to multiple, small oligopeptides (≤ hexapeptide), because the

resulting solutions are typically in equilibrium between multi-
ple types of iron–sulfur clusters each absorbing in the same
region. Mössbauer spectroscopy is an excellent method to con-
clusively determine the type of clusters present, especially when
coupled with EPR spectroscopy, but Mössbauer spectroscopy is
not commonly available. Much can still be deciphered through
more readily available instrumentation, such as UV–vis, CD, and
NMR spectroscopies. The latter has been underexploited despite
the wide availability of NMR spectrometers and the ease in
acquiring such spectra. Resonance Raman is a good technique to
characterize iron–sulfur clusters, but instrumentation and ex-
pertise are not always locally available. Electrochemistry not
only gives insight into the potential activity of the metallopep-
tide, but can also be used to indicate the possible type of iron–
sulfur cluster present through comparisons with previous reports.
Of course, data from structural methodologies, such as X-ray crys-
tallography, are superior to some of the described techniques. Such
methods were not addressed here because of the difficulty in
obtaining structures from solutions containing a mixture of spe-
cies. Despite the difficulties, there is much to be gained from a
deeper understanding of the assembly and coordination chemistry
of iron–sulfur oligopeptides. Unearthing such ancient and central
chemistrymay very well revealmechanisms at the heart of biologi-
cal energetics.

Supplementary data
Supplementary data are available with the article at https://doi.

org/10.1139/cjc-2021-0237.
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