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Conditions that led to the synthesis of iron—sulfur clusters coordinated to tripeptides with a single thiolate
ligand were investigated by UV-vis, NMR, EPR, and Mo&ssbauer spectroscopies and by electrochemistry.
Increasing concentrations of hydrosulfide correlated with the formation of higher nuclearity iron—sulfur
clusters from mononuclear to [2Fe—2S] to [4Fe—4S] and finally to a putative, nitrogenase-like [6Fe—99]
complex. Increased nuclearity was also associated with decreased dynamics and increased stability. The
synthesis of higher nuclearity iron—sulfur clusters is compatible with shallow, alkaline bodies of water on

the surface of the early Earth, although other niche environments are possible. Because of the plasticity
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Accepted 5th February 2025 of such complexes, the type of iron—sulfur cluster formed on the prebiotic Earth would have been
greatly influenced by the chemical environment and the thiolate containing scaffold. The discovery that

DOI: 10.1035/d55c00524h all the major classes of iron—sulfur clusters easily form under prebiotically reasonable conditions
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Introduction

In biological systems, iron-sulfur clusters are sensed, traf-
ficked, and synthesized by specialized protein machinery.”® The
prebiotic assembly of iron-sulfur clusters must have been
largely different. Since metallochaperone proteins were not
present, iron-sulfur clusters were likely assembled through
stochastic encounters with free iron ions and hydrosulfide
(HS™) in the environment.? The three main types of iron-sulfur
complexes, ie. mononuclear, [2Fe-2S], and [4Fe-4S] clusters,
are usually coordinated to a single polypeptide by four cysteinyl
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broadens the chemistry accessible to protometabolic systems.

thiolate side-chains. In biology, different sequence motifs
typically coordinate different types of iron-sulfur clusters and
are not normally capable of binding more than one type of iron—
sulfur cluster.

Conversely, model prebiotic peptides containing a single
cysteine are capable of coordinating different types of iron-
sulfur clusters, depending upon the solution conditions.*” This
is because the positioning of the cysteinyl ligands are not con-
strained, since each of the four cysteines comes from four
different peptides. Such a dynamic system suggests that the
type of iron-sulfur cluster stabilized by peptides on the prebi-
otic Earth was dictated by the encountered environmental
conditions. To gain insight into the influencing factors on the
synthesis of iron-sulfur clusters, we investigated the mecha-
nism of cluster assembly on the tripeptide glutathione (EyCG).
Glutathione is a readily available, prebiotically reasonable
analogue of the types of peptides that could have existed on the
early Earth. The amino acids Glu, Cys, and Gly have all been
synthesized under model prebiotic conditions,*** and the
prebiotic synthesis of oligopeptides has been reported by
several mechanisms, including dry-wet cycling and o-amino-
nitrile ligation.**** Additionally, the presence of both a- and -
peptide bonds within glutathione represents the types of
heterogeneity expected for the nonribosomal synthesis of
peptides.

We previously reported that exposure to UV light led to the
formation of polynuclear iron-sulfur clusters coordinated to
over 40 different peptides and small organic thiols, including
glutathione.” The data were interpreted to indicate that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increased concentrations of hydrosulfide generated by the
photolysis of Cys residues gave rise to [2Fe-2S] and then [4Fe-
4S] clusters, but no mechanistic studies were carried-out.
Difficulties in further deciphering the influencing factors
stemmed from analyses that relied on Mdssbauer spectroscopy
of precipitated (with the addition of 2-propanol) and lyophilized
aliquots of aqueous samples. The precipitation-lyophilization
process likely changed molecular ratios and thus may have
altered equilibria between different types of iron-sulfur clusters
in solution. Additionally, the concentration of hydrosulfide
generated by photolysis was not precisely known. Here, we more
thoroughly interrogate the prebiotic synthesis of iron-sulfur
clusters by a combination of UV-visible absorption, EPR,
Mossbauer, and paramagnetic NMR spectroscopies in addition
to cyclic and square wave voltammetries of soluble, aqueous
samples with known concentrations of hydrosulfide. The data
not only allowed us to more thoroughly characterize the types of
iron-sulfur clusters and the influence of solution conditions
but also to identify spectral fingerprints so that future efforts
can more quickly ascertain the type of iron-sulfur cluster
coordinated to oligopeptides. Although much excellent work on
the abiotic synthesis of iron-sulfur clusters was reported by
Holm and others,**** such studies were mostly in organic
solvent with non-peptidyl ligands and largely did not address
the role of ferric ions nor the inability to isolate reduced [2Fe-
2S]" cluster. Our results confirm the existence of multiple
equilibria between different types of iron-sulfur clusters (Table
S1t). Further, we were able to map out a synthetic path from
mononuclear centres to [2Fe-2S] clusters and [4Fe-4S] clusters.
This mechanism of cluster assembly is in agreement with the
previously proposed assembly of a [4Fe-4S]** cluster in organic
solvent from two [2Fe-2S]" clusters.?® We also observed, at high
ratios of HS™ to Fe®*, the formation of a higher nuclearity [6Fe-
9S>~ cluster coordinated to glutathione. Taken together, our
work suggests that [4Fe-4S] peptides would have predominated
on the prebiotic Earth in environments containing equimolar
ratios of hydrosulfide and iron ions in the presence of small
molecule thiolates. Conversely, environments rich in hydro-
sulfide would have led to the formation of a [6Fe-9S]*~ cluster
that resembles the FeMo cofactor of nitrogenase.

Experimental
Materials and methods

All reagents were purchased from Sigma Aldrich and used
without any further purification. Deionized MilliQ water was
distilled under nitrogen to deoxygenate the solvent. The
synthetic procedures to obtain the cluster were performed
under controlled nitrogen atmosphere by using either a Schlenk
line and Schlenk glassware or a nitrogen-purged glovebox.
Samples were maintained under nitrogen (or argon) inert
atmosphere and transferred to NMR tubes capped with rubber
septa, EPR tubes capped with rubber septa, anaerobic sealed
Hellma quartz cuvettes, electrochemical silicon-rubber sealed
cells, or sealed glass vials for NMR, EPR, UV-visible, electro-
chemical, and Mossbauer investigation. Whenever possible,
EPR and Mossbauer spectroscopies were conducted on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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same sample, split in two and flash-frozen in liquid nitrogen.
Measurements were mainly performed at 6 K and 20 K for EPR
and at 4.2 K for Mossbauer spectroscopy. EPR spectra were
recorded with a Bruker EMX spectrometer operating at X-band
frequency with an ER-4116 dual mode cavity and an Oxford
Instruments ESR-900 flow cryostat. Absolute quantification was
based on comparison with a sample containing a known
concentration of [4Fe-4S]" cluster (see ESIT for more details).
The fitting of absorbance at a fixed wavelength as a function of
log{Zn>"] for the titration of iron-sulfur-containing solutions
was performed with GraphPad Prism, version 6.00 (GraphPad
Software, La Jolla, CA, USA) by means of a variable slope model
equation (or 4-parameter dose-response curve, 4 PL, that is
a sigmoidal curve symmetric around the midpoint).

Synthesis of peptide-stabilized iron-sulfur clusters

Unless otherwise indicated, sodium sulfide (Na,S-9H,0, from
0 to 1 pmol, 0-1 mM) was added to an aqueous solution con-
taining peptide (glutathione, 40 pmol, 40 mM) at pH 8.6 in
a Schlenk round bottom flask under anaerobic conditions.
Subsequently, ferric chloride (FeCl;-6H,0, 0.5 pmol, 500 puM)
was added to obtain iron-sulfur peptides.

Higher concentrations of glutathione (150 umol, 150 mM),
sodium sulfide (from 0 to 3.75 pmol, 0 to 3.75 mM), and ferric
chloride (1.88 umol, 1.88 mM) were used to increase the signal-
to-noise ratio for EPR, Mdssbauer, and NMR spectroscopies.
Additional improvement to the signal-to-noise ratio was ach-
ieved by reducing the ligand-to-metal molar ratio from 80:1 to
20:1 (150 mM glutathione, 0-15 mM Na,S, 7.5 mM FeCl;).
Supplementary Table S21 reports a summary of the main
spectroscopic and electrochemical properties of iron-sulfur
glutathione complexes.

Results and discussion
The mononuclear species is rapidly reduced

To assess the effect of the ratio of hydrosulfide to iron ions on
the type of iron-sulfur cluster formed, iron-sulfur clusters were
synthesized with a constant concentration of FeCl; and the
tripeptide glutathione (EyCG) at pH 8.6 with varying concen-
trations of Na,S. Once dissolved in water at basic pH, Na,S gives
rise to hydrosulfide (HS™).>® The ratio of hydrosulfide to Fe**
varied from 0:1 to 2:1. When no hydrosulfide was present in
solution, UV-visible absorption, paramagnetic '"H NMR, and
Mossbauer spectroscopies showed the presence of a mono-
nuclear Fe**, rubredoxin-like species (Fig. 1A),%” as we previously
observed.*”

Although Fe®' is insoluble at pH 8.6 (Fe(OH);, Ky, = 10~*°
M), Fe*" was rapidly reduced to Fe** and kept in solution by
coordination to peptides.?®*® 'H resonances at 3.3 and 3.0 ppm
within the diamagnetic region of NMR spectra were indicative
of oxidized glutathione, consistent with glutathione acting as
the reductant of the iron (Fig. S1f). The standard reduction
potential (E°) of glutathione at pH 8.6 is —0.34 V vs. SHE.*®
Ferric ions have an E° of 0.77 V vs. SHE** and are, therefore,
promptly reduced to Fe*". Control reactions in the absence of

Chem. Sci,, 2025, 16, 4614-4624 | 4615
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Fig. 1 Spectroscopic characterization of solutions containing 0 :1 (A), 0.4:1 (B), 1:1(C), and 2: 1 (D) HS™ : Fe** in the presence of glutathione
showed the formation of [1Fe—-0S] (A), [2Fe-2S] (B), [4Fe—-4S] (C), and putative [6Fe-9S] (D) clusters. For each type of cluster, UV-visible
absorption (top) and paramagnetic *H NMR (middle) spectra are shown for the oxidized (red) and/or reduced (blue) states at pH 8.6 and 20 °C.
The Mdssbauer contributions (bottom) of the mono-, di-, tetra-, and hexanuclear species are provided in blue, red, mauve, and orange,
respectively. The green solid line represents a reduced [2Fe-2S]" cluster (see ESI, Fig. S4, bottom; Fig. S10, bottom; Fig. S24 and Fig. S337).

iron did not show the presence of oxidized glutathione
(Fig. S1t). Upon reduction to Fe*', all the resonances were
broadened because of fast ligand exchange with high spin ions
in solution, as previously observed (Fig. S1-S37).

Because of the rate with which Fe*" was reduced to Fe** by
glutathione, spectra of the oxidized state were only observed by
UV-visible absorption spectroscopy. The spectra showed a band
at 500 nm similar to what is typically observed for oxidized
rubredoxin proteins®*** and rubredoxin-like peptides.”” Rubre-

6,32

doxin contains a single iron ion coordinated by four cysteinyl
thiolates. The band detected at 500 nm rapidly diminished
without leaving a clear band in the visible region of the spec-
trum (Fig. 1A).>” Reduced rubredoxin similarly shows a feature-
less visible absorption spectrum.’®* Paramagnetic '"H NMR
spectra of samples with a featureless visible absorption spec-
trum showed a broad resonance at 211 ppm, as would be ex-
pected for Fe** coordinated to Cys (Fig. 1A).”%° No EPR signal

4616 | Chem. Sci., 2025, 16, 4614-4624

was detected, suggesting that neither free Fe** (S = 5/2) nor § =
1/2 paramagnetic iron-sulfur species were present. Integer
spins, e.g. S = 2, are usually not detectable by low-field/low-
frequency EPR setups and were not observed here. Mossbauer
spectra were in agreement with the formation of [Fe(SR)4]*~
(Fig. 1A and S47).%¢

To confirm the changes in reduction potential, the
complexes were investigated further by electrochemistry.
Square wave voltammetry (SWV) of solutions containing gluta-
thione and iron ions showed a cathodic peak at —0.12 £ 0.01 V
and an anodic peak at +0.04 &+ 0.01 V. Both signals were well-
shaped, although the anodic signal was broader and less
intense. The E value, calculated as the semi-sum of the peak
potential values, was —0.04 & 0.01 V (Fig. S57), consistent with
our prior measurements of mononuclear glutathione and N-
acetyl L-cysteine methyl ester.*” This value was similar to that of
rubredoxin, which typically falls between +0.06 and —0.08 V,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depending on the specific construct.***° The large peak-to-peak
separation (AE, = 160 + 8 mV) suggested a slow electron
transfer process which could have arisen either from changes in
geometry or changes in the coordination sphere between the
reduced and oxidized forms. Since glutathione reacts rapidly
with Fe*" in solution to form Fe?' and disulfide,*** and Fe®*'-
glutathione is unstable,*** the cathodic peak reasonably cor-
responded to the reduction of Fe** coordinated to oxidized
glutathione** formed on the electrode surface upon application
of a positive potential. The following re-oxidation may have
involved complexes of Fe®" with oxidized, disulfide bridged
glutathione and/or reduced glutathione (the latter being in
large excess).”®**

Ferric ions are trapped by the formation of [2Fe-2S]**
[2Fe-2S]** glutathione was clearly observed in solutions con-
taining 0.4 : 1 HS™ : Fe*". The UV-visible absorption spectrum of
the oxidized [2Fe-2S]*" cluster showed the typical bands at 420
and 450 nm of [2Fe-2S]*" ferredoxin® (Fig. 1B) and of [2Fe-2S]*"
peptides, as previously reported.**** Paramagnetic '"H NMR
spectra possessed a broad resonance at 33 ppm (Fig. 1B, centre),
consistent with a [2Fe-2S]** cluster®* in addition to a reso-
nance at 211 ppm from coexisting mononuclear species
(Fig. S61). The diamagnetic region of "H and "*C NMR spectra
showed less line broadening than seen for the mononuclear
species (Fig. S7-S97).

Mossbauer spectra of aqueous samples at 4.2 K confirmed
the presence of oxidized [2Fe-2S]*" cluster in addition to the
mononuclear species at 0.4 : 1 HS™ : Fe** (Fig. 1B and S107). The
diamagnetic state of the [2Fe-2S]** cluster was indicated by the
doublet detected at 4 K with 60 mT applied parallel to the y-
beam. EPR spectra contained signals indicative of two different
types of paramagnetic iron-sulfur complexes. One signal was
centred at 3515 G (g = 1.96) and was quite similar to a previously
reported EPR signature of [2Fe-2S]" cluster.®** The other was
a more axial signal with a line centred at 3420 G (g = 2.02)
representing an additional paramagnetic iron-sulfur species
(Fig. S117). Absolute spin quantification showed that these
species were minor components of the solution (=4% of the
total iron for the [2Fe-2S]") and were likely below the limit of
detection by Mdssbauer spectroscopy.

The major signals observed by square wave voltammetry
were a reversible couple of peaks corresponding to the mono-
nuclear centre. Additionally, a well-shaped shoulder at —0.20 +
0.01 V was present and was attributed to the reduction of the
[2Fe-2S]*" cluster (Fig. S1271).% The absence of the correspond-
ing anodic signal indicated that the reduced form of the [2Fe-
28] cluster was unstable on the electrode surface and decom-
posed, as previously reported.*® Repeated steps of cyclic vol-
tammetry (CV) confirmed degradation of the [2Fe-2S] cluster, as
the cathodic peak of this species disappeared after the first cycle
(Fig. S13%). The [4Fe-4S] cluster was not observed under these
conditions by CV. Therefore, either the chemistry at the inter-
face of the electrode hampered the reductive addition necessary
for the formation of [4Fe-4S] clusters or the signals were not
observable by voltammetry under these experimental

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

conditions. Difficulty in observing polynuclear iron-sulfur
clusters by voltammetry could be due either to absorption
processes which decompose the clusters or to the overall high
charge of [4Fe-4S] glutathione (6—/7—), which could prevent
electron transfer at the surface of the electrode.***” Additionally,
the high concentration of the charged peptide may have
passivated the electrode making electron transfer slow.**™*
Similar mechanisms are also consistent with the large separa-
tion of anodic and cathodic peaks seen for the Fe*"/**-gluta-
thione adducts.

[2Fe-2ST** converts to [4Fe-4S]**

The UV-visible absorption, "H NMR, and EPR spectra of [2Fe-
2S]** glutathione slowly changed over time in solutions con-
taining 0.4:1 HS :Fe’" in a manner that suggested the
formation of a [4Fe-4S]** cluster. Over a period of 2 h, the
absorption band at 450 nm was lost, leaving a single band at
~410 nm (Fig. 1C). Similarly, the resonance at 33 ppm
decreased with a concomitant increase of a resonance at
11.8 ppm and a small doublet at 28 and 30 ppm, as would be
expected for a [4Fe-4S]*" peptide** (Fig. 1C and S147). The
resonance corresponding to the mononuclear ferrous complex
slightly decreased in intensity over time (Fig. S157). Simulta-
neously, resonances assigned to oxidized glutathione were
found to progressively increase in intensity in the diamagnetic
region of the spectra (Fig. S167), likely as a by-product of the
transient formation of [2Fe-2S]" in route to a cubane-like [4Fe-
4S]**. EPR spectra recorded for this sample 3 h and 24 h after
mixing showed a general decrease in intensity and a change in
the relative ratio of the two EPR-active species, with the
proportion of [2Fe-2S]" decreasing over time. If we assume that
the relative ratio of paramagnetic species observed by EPR
spectroscopy mirrors the relative ratio of diamagnetic cluster,
then the additional axial spectrum may represent a [4Fe-4S]"
cluster (Fig. S17a and bt).

[4Fe-4S]*" is rapidly formed at equimolar sulfide-to-iron ratios

Equimolar concentrations of hydrosulfide and ferric ions
showed the same series of events as solutions of 0.4:1 HS™ :
Fe’" but on a faster timescale. The d-d transition region of UV-
visible absorption spectra initially showed bands at 420 nm and
450 nm similar to [2Fe-2S]** clusters and an additional broad
band at 580 nm. Within 1 h, the bands at 420 nm, 450 nm, and
580 nm diminished, and a new peak at 410 nm emerged that
was consistent with a [4Fe-4S]*" cluster (Fig. S187). Also in this
case, diamagnetic "H NMR spectra showed broadening for all of
the "H resonances of glutathione (Fig. $191) but to a lesser
extent with respect to what was observed for solutions con-
taining [Fe(SR),]>~ and the mixture [Fe(SR),]* /[2Fe-2S]*"
(Fig. S1 and S77). Paramagnetic 'H NMR spectra confirmed the
presence of a [4Fe-4S]*" cluster (11.8, 28 and 30 ppm) in addi-
tion to small amounts of [2Fe-2S]** (33.3 ppm) and mono-
nuclear species (211 ppm), plus an additional resonance at
15 ppm (Fig. S20 and S21+%). After 12 h, no resonance corre-
sponding to the [2Fe-2S]*" cluster nor the mononuclear species
was observed. Instead, the only strong resonances that

Chem. Sci., 2025, 16, 4614-4624 | 4617
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remained were of the [4Fe-4S]** cluster and the additional
resonance at 15 ppm, which was unchanged in intensity. The
diamagnetic '*C NMR data were consistent with dynamics in
between that of the high and low hydrosulfide conditions
(Fig. S22 and S23t). Mossbauer spectra recorded at 4.2 K
confirmed the presence of a mixture containing the mono-
nuclear complex, [2Fe-2S]*" and a probable [4Fe-4S]** cluster
(Fig. 1C and S247).*® Once again, EPR spectra indicated
a mixture of [2Fe-2S]" and [4Fe-4S]" (Fig. S257). Recordings at
progressively higher temperature (10, 20, and 40 K) allowed for
the detection of slight difference in relaxation properties
between the two active EPR species, tentatively assigned to [4Fe—
4S]" and [2Fe-2S]" (Fig. S267). When a more dilute solution was
interrogated, only a [2Fe-2S]" cluster was observed immediately
after mixing, likely reflecting slower kinetics of cluster forma-
tion (Fig. S257).

Similar EPR findings were reported in previous studies of
iron-sulfur glutathione systems at similar conditions, which
were interpreted to indicate that [2Fe-2S]" and [4Fe-4S]** clus-
ters were the main species in solution.*> We also observed
a comparable EPR spectrum for [2Fe-2S]" and an additional
signal attributed to [4Fe-4S]". However, spin counting demon-
strated that these two species were present at low concentra-
tions and thus were minor contributors to the UV-vis and NMR
spectra. We additionally collected Mdssbauer spectra, which
were dominated by a [4Fe-4S]** cluster rather than a [2Fe-2S]"
cluster (ca. 4% contribution, Fig. S24t). Any contribution of
a [4Fe-4S]" cluster was likely below the limit of detection.
Square wave voltammetry of solutions containing 1:1 HS™ :
Fe’" revealed a new signal at more negative potential consistent
with the [4Fe-4S]"** redox couple (E° = —0.49 + 0.02 V)
(Fig. S277).*° The intensity of the previously observed cathodic
peak of the [2Fe-2S] cluster decreased until almost disappear-
ing. The signals related to the mononuclear species remained
almost unchanged.

In the absence of a rigid scaffold, it seems that the reduction
of [2Fe-2S]*" to [2Fe-2S]" clusters rapidly leads to the formation
of a [4Fe-4S]** cluster, as demonstrated by Holm and
colleagues.? Although [2Fe-2S] clusters appeared as interme-
diates rather than final products when ligated by peptides that
possessed a single thiolate group, their role was important. The
kinetic accessibility of [2Fe-2S] clusters® and their slower rates
of reduction by cysteinyl peptides in comparison to mono-
nuclear centres ensured that ferric ions were preserved for
sufficient time to allow for the formation of [4Fe-4S] clusters.
That is, despite the likely photo-oxidation of Fe** to Fe*" on the
prebiotic Earth,” the thiolate ligands needed for the formation
of iron-sulfur clusters would have reduced Fe*" to Fe>" if poly-
nuclear iron-sulfur clusters could not form rapidly.

[6Fe-9S] forms at high hydrosulfide-to-iron ratios

Previous work only observed [2Fe-2S] or [4Fe-4S] clusters
coordinated to oligopeptides.”” At 2:1 HS™ : Fe**, we observed
the appearance of a new higher nuclearity iron-sulfur cluster.
This newly observed species showed a UV-visible absorption
band at 410 nm and a paramagnetically shifted "H resonance at

4618 | Chem. Sci, 2025, 16, 4614-4624
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16 ppm (Fig. 1D), consistent with previous reports of a [6Fe-
9S]*~ cluster.® No mononuclear ferrous species was detected by
NMR spectroscopy (Fig. $281). The diamagnetic region of the "H
NMR spectrum showed less broadening than the spectra
collected with lower HS™ to Fe’" ratios (Fig. S291). Furthermore,
the 'H resonances of Glu and Gly possessed evident multi-
plicity, consistent with slower ligand exchange in comparison to
those of the mononuclear and [2Fe-2S]** glutathione complexes
and negligible interaction with the cluster core. Traces of
oxidized cysteine were observed at 3.3 ppm. Similarly, **C NMR
spectra showed less paramagnetic-induced broadening
(Fig. S30 and S317) with integral ratios closer to those of the
non-metallated peptide. Previous assessed similar
magnetic susceptibility per Fe at room temperature for [4Fe-
4S]** and [6Fe-9S]*~, and a 50% larger value for [2Fe-2S]**.%
Over time, no evidence of other species formed or of increased
oxidized glutathione was observed indicating that this poly-
nuclear iron-sulfur cluster possessed a reduction potential
lower than that of glutathione. EPR spectroscopic spin counting
was consistent with a negligible contribution of a paramagnetic
[2Fe-2S]" cluster with respect to the overall concentration of the
metal ion in solution (11% of the total iron, Fig. S327).

The Mossbauer spectrum showed an intense absorption at
0.72 mm s that did not originate from either a [2Fe-2S]*" or
a [4Fe-4S]*" cluster. The isomer shift and quadrupole splitting
were more consistent with a [6Fe-9S]>~ cluster that presents
a diamagnetic ground state (Fig. 1D and S33t).** However,
Mossbauer spectroscopy also showed the strong presence of the
mononuclear [Fe(SR),]>~ complex, which was not observed by
NMR spectroscopy. Similar discrepancies with iron coordinated
glutathione were previously observed and were interpreted to
indicate the temperature sensitivity of redox equilibria in
solution.” Differences in peptide concentration may have also
shifted equilibria. Therefore, the assignment of a [6Fe-9S]*~
cluster remains tentative until corroborated by further studies.
It should be noted that the UV-vis spectrum at high ratios of
HS™ to Fe®" was previously interpreted to indicate a [4Fe-4S]**
cluster.”** However, that spectrum is unlike previous reports of
a [4Fe-4S]** cluster.>”4*%

To gain insight into the redox stability of the [6Fe-9S]*~
cluster, sodium dithionite, sodium ascorbate, hydrogen
peroxide, and potassium ferricyanide were added. The addition
of 1.5 equiv of sodium dithionite led to the loss of absorbance at
410 nm (Fig. S347) and gave paramagnetic "H NMR spectra that
lacked resonances consistent with reduced or lower nuclearity
iron-sulfur cluster (Fig. S35t1). The data suggested that the
higher nuclearity [6Fe-9S]*~ cluster rapidly degraded upon
reduction. The addition of up to six equivalents of the weaker
reductant sodium ascorbate failed to reduce or break the
cluster, as no changes to the hyperfine resonances were
observed (Fig. S367). Neither the addition of one or two equiv-
alents of the oxidants hydrogen peroxide or potassium ferricy-
anide gave rise to spectra indicative of the formation of
additional iron-sulfur clusters.** Paramagnetic "H NMR spectra
did not show alterations to the 16 ppm hyperfine resonance
upon the addition of the oxidizing agents (Fig. S37 and S387).

work
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Fig. 2 Square wave voltammetry of 2:1 HS™:Fe*" glutathione
(40 mM glutathione, 4 mM NasS, 2 mM FeCls) in H,O, pH 8.6 and 20 °
C. At this ratio, a well-defined anodic current peak is predominant at
—0.55 + 0.01 V, together with traces of [4Fe—4S] (shoulder at ca.
—0.48 V). The peaks related to both the species are overlapped in the
cathodic SW voltammogram (at —0.54V + 0.01 V). Peaks related to
mononuclear complex (—0.13 4+ 0.01 V and 0.04 4+ 0.01 V, cathodic
and anodic peaks, respectively) are observed. The new species with £
~0.56 is tentatively assigned to a [6Fe—9S] cluster.

T
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The reduction potential was then measured by square wave
voltammetry at high ratios of hydrosulfide to iron. At 1.5:1
HS™ : Fe*', an additional, reversible signal in the anodic scan at
more negative potentials was observed (E,, = —0.55 £ 0.01 V,
Fig. S391) that corresponded to the appearance of the higher
nuclearity cluster, putatively ascribed to a [6Fe-9S] cluster.>***7
The corresponding cathodic peak was not resolved and over-
lapped that of the [4Fe-4S] cluster (E., = —0.54 £ 0.01 V). The
reversible signal became prevalent at 2: 1 HS™ : Fe** with £ =
—0.56 + 0.01 V (Fig. 2). Finally, when hydrosulfide was
increased to over 2:1 HS™ : Fe**, the intensity of both cathodic
and anodic peaks decreased. The estimated reduction potential
of the [6Fe-9S]' >~ cluster fell within the range of published
values for the FeMo-cofactor of nitrogenase.”® For example,
microcoulometry and EPR potentiometric titrations gave values
ranging from —0.32 V to —0.58 V.>*"*

[2Fe-2S], [4Fe-4S], and [6Fe-9S] form in the presence of
carbonate

Archean carbonate-rich lakes have been proposed as locations
where the building blocks of life could have accumulated,®*
and bicarbonate has been reported to increase the stability of
iron-sulfur clusters.* To determine whether the observed types
of iron-sulfur clusters were compatible with the presence of
carbonate, the electrochemical measurements were repeated in
the presence of 100 mM bicarbonate at pH 8.6. At 0.4:1 HS™ :
Fe®", a composite signal in the cathodic scan consisted of a peak
that corresponded to a [4Fe-4S] cluster (—0.5 V) with two poorly
resolved shoulders, indicating a [2Fe-2S] cluster at ca. 0.21 V
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and an unidentified species at ca. —0.38 V (Fig. S40%). This new
species also appeared in the anodic scan at —0.45 + 0.01 V, in
addition to a peak corresponding to the [4Fe-4S] cluster at ca.
—0.49 V (Fig. S407). An anodic signal corresponding to the [2Fe-
25] cluster was not observed, consistent with data collected in
the absence of bicarbonate. However, an oxidation peak of
a mononuclear species (+0.01 V) was clearly present indicating
reductive conversion of the [2Fe-2S] cluster to a mononuclear
centre. The recorded Mossbauer spectrum confirmed the pres-
ence of [1Fe-0S]*", [2Fe-2S]**, and [4Fe-4S]*" centres, but ca.
40% of the iron (vs. the total iron content) was detected in
a high-spin ferric state (Fig. S41%). That is, ca. 40% of the iron
content did not correspond to [1Fe-0S]**, [2Fe-2S]*", or [4Fe-
4S]** centres. The parameters for this high-spin ferric species
strongly suggested a hexa-coordinate environment, which were
consistent with EPR spectra of the same sample, where a signal
at ca. g = 4.3 (Fe*" S = 5/2) was observed alongside a signal at ca.
g =2, attributed above to a [4Fe-4S]" cluster (Fig. S42 and S117).
As the concentration of HS™ was further increased, a broad wave
could be found at E., = —0.46 £+ 0.01 V and E,, = —0.45 £
0.01V, due to the overlap of the [4Fe-4S] signal and the signal of
the additional species, which we have tentatively assigned to
a [4Fe-4S] cluster with a different geometry or with a different
set of ligands (Fig. S4371). In the presence of bicarbonate at 1: 1
HS™ :Fe*", the signal of this new, intermediate [4Fe-4S] cluster
remained the most prevalent, but decreased at higher concen-
trations of HS™ (Fig. S447). Under these conditions, another
signal formed at —0.57 £ 0.01 V and at —0.56 £+ 0.01 V in
cathodic and anodic scans, respectively, which became preva-
lent at HS™ : Fe*" > 2. This couple indicated the appearance of
the higher nuclearity [6Fe-9S] cluster.””***®* Residual mono-
nuclear species was also observed, indicating the degradation of
the [2Fe-2S]** cluster.

Paramagnetic 'H NMR spectroscopy confirmed the presence
of the [4Fe-4S*" cluster in addition to the [6Fe-9S]>~ cluster
(Fig. S45t).>> However, no resonance attributable to a mono-
nuclear complex was detected (Fig. S4671). Larger ratios of HS™
to Fe*" led to a decrease in [4Fe-4S]*" with a concomitant
increase and broadening of the species with a resonance at
15.0 ppm. When HS™ was in excess, only a single broad peak at
16.0 ppm ([6Fe-9S]*~ cluster) was predominant in the para-
magnetic upfield region. Only trace amounts of [4Fe-4S]**
cluster were detected. No resonances corresponding to
a mononuclear complex or a [2Fe-2S]*" cluster were observed
(Fig. S45t). UV-vis spectra at 1:1 HS™ : Fe*" in 100 mM bicar-
bonate showed bands at 330, 420 (broad), and 578 nm,
consistent with a mixture containing mostly [4Fe-4S]** cluster.
The additional features of the UV-vis spectra,® the resonance at
15 ppm in paramagnetic "H NMR spectra, and the observed new
cathodic (ca. —0.46 £ 0.01 V) and anodic (ca. —0.45 + 0.01 V)
electrochemical signals®****® could be interpreted to indicate
the presence of an intermediate iron-sulfur species similar to
a[4Fe-4S]** cluster. Finally, at 2: 1 HS™ : Fe**, bands at 330, 416,
and 578 nm were observed, consistent with previously reported
spectra of a [6Fe-9S]*~ cluster (Fig. $477).*>*” Taken together, all
of the iron-sulfur cluster types that were observed in the
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absence of bicarbonate were also observed in the presence of
bicarbonate.

Potential synthetic pathways for iron-sulfur clusters

There are clear boundary conditions that regulate what type of
iron-sulfur cluster can form. If only ferrous and no ferric ions
are present, then only the mononuclear complex can form,
because fully reduced polynuclear iron-sulfur clusters, i.e. [2Fe-
2S]° and [4Fe-4S]°, are typically not stable (Fig. $487).%?””° The
opposite scenario in which only ferric but not ferrous ions are
available can support the assembly of mononuclear centres and
[2Fe-2S] clusters but not [4Fe-4S] clusters. This is because [2Fe-
2S]** but not [4Fe-4S]** clusters are stable.?” Within this space
between theoretically complete ferrous and complete ferric
compositions, it is the concentration of hydrosulfide with
respect to the iron ions that determines what type of iron-sulfur
cluster can assemble (Fig. 3). Low HS™ to Fe®" ratios favour the
formation of mononuclear and [2Fe-2S]** glutathione.*® Higher
ratios of HS™ to Fe*" favour the formation of [4Fe-4S]** gluta-
thione and then a [6Fe-9S]*~ cluster.

The mechanisms by which such iron-sulfur clusters form
have been elucidated by Holm and colleagues.”” For example, in
organic solvent and with non-peptidyl ligands, the primary
route for the formation of [4Fe-4S] clusters proceeds through
the condensation of two mixed-valence [2Fe-2S]" clusters
(Fig. $497).>>" This is logical since [2Fe-2S]" and [4Fe-4S]*" are
the only two cluster types that share the same ratio of ferrous
and ferric ions* (Table S1t). We hypothezise that this same
mechanism proceeds in aqueous solution by the reduction of
[2Fe-2S]*" units with excess glutathione. Cysteine-containing
peptides (E°" = —0.22 £ 0.25 V)**">7 are capable of reducing
mononuclear centres (E° = —0.03 & 0.06 V) but not [4Fe-4S]**
clusters (E°' = ca. —0.5 V).** It is likely that glutathione slowly
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Fig. 3 Normalized distribution of iron—sulfur glutathione as a function
of HS™:Fe®*. Ratios lower than one favour the formation of [2Fe—
2S12* (red curve) and mononuclear complex (black curve). Ratios
higher than one promote the formation of the putative [6Fe—95]2~
(blue). Contribution of [4Fe—4S]2* (green curve) is maximum at equi-
molar HS™ : Fe3*. Species contributions are obtained by UV-vis spec-
tral decomposition and were fit to obtain each distribution curve, at O :
1,0.4:1,1:1and 2:1HS™ : Fe3", respectively, as previously reported.5:
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reduces the [2Fe-2S]*" cluster (E, = ca. —0.2 V). The lower
reduction potential of [4Fe-4S] clusters in addition to their
decreased dynamics results in an accumulation of [4Fe-4S]
clusters at the expense of lower nuclearity iron-sulfur species
when the ratio of HS™ to Fe’" is one or below.

The mechanism for the formation of the [6Fe-9S]*~ cluster is
less clear. In biology, the FeMo cofactor is built with Nif
proteins prior to insertion into nitrognease. After assembly of
a [2Fe-2S] cluster on NifU,” a [4Fe-4S] cluster and then a NifB
coordinated [6Fe-9S] core,” likely containing an interstitial
carbide, is formed prior to the incorporation of an additional
iron and molybdenum ion in route to the final FeMo cofactor.
Our data suggest an analogous pathway in which [2Fe-2S]
clusters mature into [4Fe-4S] and then [6Fe-9S] clusters. For
example, an intermediate species between the appearance of
the [4Fe-4S] and [6Fe-9S] clusters with features highly similar to
a [4Fe-4S] cluster could be observed upon addition of
increasing concentrations of hydrosulfide. Support for the
existence of a modified [4Fe-4S] intermediate comes from SWV
which shows the appearance of a [4Fe-4S] cluster (Ep
—0.46 V, E.p = —0.45 V, E° —0.45 + 0.01 V) along with a [6Fe-
9S]' >~ cluster (E, = —0.57 V, E,p = —0.56 V). It may be that at
HS™ :Fe®" > 1 aniron ion dissociates from [4Fe-4S]** generating
[3Fe-4S]" clusters that combine with free HS™ to generate
a [6Fe-9S]*~ cluster.®>>%%7¢ Alternatively, [4Fe-4S]*" units may
become bridged by excess sulfide followed by loss of two ferrous
ions, giving rise to an insoluble mixture of iron sulfide
compounds as a by-product.”” Such a mechanism is consistent
with the size of hydrosulfide, which is much smaller than
glutathione and thus may be kinetically favoured for binding.
Although the precise mechanism for the formation of the
putative [6Fe-9S]>~ cluster was not clear, it was unlikely that the
mononuclear species participated. For example, the addition of
the chelator Na,EDTA to a solution containing 0.4:1 HS™ : Fe**
removed the mononuclear species (Fig. S50 and S517), and this
solution supported the synthesis of the putative [6Fe-9S]*~
cluster upon the subsequent addition of hydrosulfide
(Fig. S527).

To corroborate this putative mechanism, we sought to
determine whether a [6Fe-9S]*~ would break down along the
same path as observed for synthesis but in reverse order. [6Fe-
9S] clusters were previously reported to break into [4Fe-4S]
clusters.” To do so, we titrated in Zn>", which binds to the same
sites as Fe?"’** but with increased affinity.” Zn* could affect the
type of complexes present by displacing bound Fe**" or by
binding to free glutathione or hydrosulfide in solution. Upon
the addition of Zn®>' to a solution containing a [6Fe-9S]*~
cluster, signatures of [4Fe-4S]*" and [2Fe-2S]** (Fig. 4, green
and red curves, respectively) were identified by UV-visible and
"H-NMR spectroscopies (Fig. $54-S561). The concentration of
Zn>" needed to degrade half of the iron-sulfur cluster in the
presence of 40 mM glutathione was 5.6 mM, 6.2 mM, and
11.3 mM for mixtures containing 0.4:1, 1:1, and 2:1 HS :
Fe*”, respectively (Fig. $53-S551). The data were consistent with
[6Fe-9S] clusters breaking down to [4Fe-4S] and then [2Fe-2S]
clusters, suggesting that [6Fe-9S] clusters are built from [4Fe-
48] units. It should be noted that even though Zn** binds to
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Fig. 4 UV-visible absorption spectra of putative [6Fe-9S5]°~ gluta-
thione titrated with Zn?* (pH 8.6 and 20 °C). As the concentration of
Zn?* increased, the intensity of the band corresponding to the putative
[6Fe—9S]?~ cluster (410 nm, blue curve) decreased and shifted until the
two absorption bands indicative of a [2Fe—2S]?* cluster at 420 and
450 nm emerged (red curve). An intermediate species is observed
(green curve).

thiolate ligands with greater affinity than iron,” the binding of
iron ions was likely favoured on the prebiotic Earth because of
the availability of each metal ion.*

Because of the differing ways that Zn>" could have affected
stability, and because of the different solution conditions used
to generate each type of iron-sulfur cluster, it was difficult to
assess the thermodynamic stability of each type of iron-sulfur
cluster. In the presence of low ratios of hydrosulfide to iron
ions, the [4Fe-4S] cluster was favored over other polynuclear
iron-sulfur clusters. At higher ratios, the [6Fe-9S] cluster was
favored over lower nuclearity iron-sulfur clusters. Both were
consistent with the increased sulfide content of the iron-sulfur
cluster with respect to ligating cysteines. That is, each iron
centre was coordinated by two Cys and two S~ for a [2Fe-2S]
cluster, one Cys and three S>~ for a [4Fe-4S] cluster, and four of
the iron centres of the [6Fe-9S] cluster were completely coor-
dinated by S*”. Such analyses speak to kinetic accessibility but
not necessarily to thermodynamic stability. Degradation likely
resulted from the intrinsic dynamics associated with iron-
sulfur clusters coordinated to peptides with a single Cys. On-,
off-associations between Fe*" and cysteine residues lead to the
generation of highly reactive radicals, e.g. Cys-S’, that degrade
peptides. The linewidths of NMR spectra and electrochemistry
showed that as the nuclearity of the cluster increased, the
dynamics and the reduction potential of the complexes
decreased, eventually below that of the non-metallated cysteinyl
peptide. This suggests that higher nuclearity iron-sulfur clus-
ters are more stable because of decreased opportunities to form
radicals through interactions with iron ions. In fact, over the
course of a day, the [4Fe-4S] cluster partially degraded, gener-
ating iron sulfide precipitates that were observable as sedi-
mented black powder. Conversely, the [6Fe-9S] cluster did not
degrade over the same period of time (Fig. S577).

Holm and co-workers previously demonstrated that
[Fe(SR),]>~ progressively led to the formation of higher
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nuclearity iron-sulfur clusters in non-aqueous solvent with
increasing concentrations of elemental sulfur.®® This was
possible because elemental sulfur oxidized the iron ions. We
show here that a similar pathway proceeds in water with a cys-
teinyl peptide and Fe®" under conditions more easily extrap-
olatable to a prebiotic setting. Although cysteinyl peptides
reduce Fe*" to Fe®*, the rapidity with which polynuclear iron-
sulfur clusters with lower reduction potential form protects
much of the Fe** from reduction. This is consistent with higher
concentrations of HS™ stabilizing Fe®".* Therefore, several
factors impact the type of iron-sulfur cluster that can form,
including the strength of the reducing environment, the
concentration of hydrosulfide, the presence of competing metal
ions, and the kinetics of assembly of the iron-sulfur cluster with
the organic thiolates present in solution.

Conclusions

Iron-sulfur clusters are thought to be ancient cofactors that
were exploited by early, life-like chemical systems.**** The fact
that few prebiotically plausible components, including iron
ions, hydrosulfide, and thiolates, are sufficient to form the
major classes of biological-like iron-sulfur centres in aqueous
solution lends support to this hypothesis.*”**# While solution
conditions and the type of thiolate-containing scaffold present
impact the specific type of iron-sulfur cluster formed, iron-
sulfur clusters are quite resilient to the presence of many
chemicals and can form in seawater.” Therefore, the boundary
conditions are largely dictated by the availability of the chem-
ical constituents of the iron-sulfur cluster. Since ferric ions are
generally required to form iron-sulfur clusters,***”*> anoxic
environments devoid of mechanisms to oxidize ferrous ions
would be incapable of supporting the synthesis of iron-sulfur
clusters. This poses a challenge to deep-sea hydrothermal vent
environments that likely lacked Fe®*. Although Fe** can be
photooxidized to Fe*, such reactions require sunlight at the
surface of the early Earth.” Other proposed mechanisms for the
generation of Fe’” include volcanic emissions, lightening, and
meteoritic impacts,* all events compatible with surface and not
deep-sea conditions. Calculations show the formation of Fe** in
seawater containing dissolved nitrate and nitrite and no
ammonium.*® Such conditions are not compatible with the
consensus view of early anoxic seawater, which would have
contained ammonium and negligible concentrations of nitrate
and nitrite. In fact, there is direct geological evidence for
ammonium in the Archean ocean.’” Furthermore, laboratory
experiments meant to probe the prebiotic synthesis of iron-
sulfur clusters at deep-sea hydrothermal vents were run at room
temperature and surface pressures,® i.e. conditions far from
that found at deep-sea hydrothermal vents.

Although aqueous surficial environments would have had
access to ferric ions, access to hydrosulfide would have likely
been more limited. Volcanism likely provided several sulfur
species, including hydrogen sulfide (H,S), which would have
existed in equilibrium with hydrosulfide (HS™) in shallow,
surficial bodies of water.®* At alkaline conditions, which favors
the retention of the hydrosulfide ion, hydrosulfide could have
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reached micromolar concentrations.®® One prebiotically plau-
sible setting consistent with such conditions is an Archean
carbonate-rich lake.®> Because of the complexation of carbonate
with Ca?', carbonate-rich lakes accumulate phosphate, a bio-
logically important ingredient.®® Past reports®***® and our data in
this manuscript are generally consistent with the formation of
iron-sulfur clusters in carbonate-rich lakes. Although high
concentrations of Ca>* would likely degrade iron-sulfur clus-
ters,*® the composition of such surficial lakes are far from
homogenous, providing gradients of pH and metal ions.** An
alternative surficial setting with plausibly high concentrations
of hydrosulfide would be a shallow hydrothermal system, but
their elevated temperatures would have disfavored the forma-
tion of iron-sulfur clusters coordinated to short peptides.®
Many of these stability issues would likely not be problematic if
longer peptides were invoked. For example, dodeca-** and tet-
radeca-®® iron-sulfur peptides can be remarkably stable.
Therefore, the data thus far argue for specific niche environ-
ments particularly amenable to the stability of iron-sulfur
clusters, e.g. subregions of alkaline, carbonate-rich lakes, or for
the presence of longer cysteinyl-peptides that are better able to
stabilize the iron-sulfur cluster in more commonly found
environments.

Our observation that high concentrations of hydrosulfide with
respect to iron leads to the formation of a putative [6Fe-9S]*~
broadens the types of iron-sulfur clusters that could have been
environmentally available. However, confirmation of the precise
nature of this iron-sulfur cluster would require isolation of this
compound, which would be complicated by the intricate equi-
libria between different iron-containing species present in solu-
tion. More work is clearly needed to confirm the identity of this
polynuclear iron-sulfur cluster. Excitingly, [6Fe-9S]*~ clusters
geometrically resemble the FeMo cofactor of nitrogenase.***
When a similar [6Fe-9S]>~ cluster is inserted into nitrogenase in
place of the natural FeMo cofactor, the enzyme retains catalytic
activity.” The metallocofactor substituted nitrogenase is capable
of reducing acetylene to ethylene.”* Our work suggests that such
nitrogenase-like iron-sulfur clusters would have emerged in
prebiotic environments high in hydrosulfide, potentially
providing an early catalyst that could have facilitated the emer-
gence of protometabolism. Prebiotic environments may have
possessed a broader suite of soluble iron-sulfur clusters than
previously appreciated, perhaps generating the reduced nitrogen
needed for the synthesis of amino acids and nucleic acids or
facilitating the formation of carbon-carbon bonds.*
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