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Abstract (200 words)

Cysteine is the only coded amino acid in biology that contains a thiol functional group.
Deprotonated thiolate is essential for anchoring iron-sulphur ([Fe-S]) clusters, as prosthetic
groups to the protein matrix. [Fe-S] metalloproteins and metalloenzymes are involved in
biological electron transfer, radical chemistry, small molecule activation, and signalling. These
are key metabolic and regulatory processes that would likely have been present in the earliest
organisms. In the context of Emergence-of-Life theories, the selection and evolution of the
cysteine specific R—-CH,—SH sidechain is a fascinating question to confront. We undertook a
computational [4Fe-4S]-maquette modelling approach to evaluate how sidechain length can
influence [Fe-S] cluster binding and stability in short 7-mer and long 16-mer peptides, which
contained either thioglycine, cysteine, or homocysteine. Force field-based molecular dynamics
simulations for [4Fe-4S] cluster nest formation were supplemented with density functional theory
calculations of a ligand-exchange reaction between a preassembled cluster and the peptide.
Secondary structure analysis revealed that peptides with cysteine are found with greater
frequency nested to bind pre-formed [4Fe-4S] clusters. Additionally, the presence of the single
methylene group in cysteine ligands mitigates the steric bulk, maintains the H-bonding and
dipole network, and provides covalent Fe—S(thiolate) bonds that together create the optimal
electronic and geometric structural conditions for [4Fe-4S] cluster binding compared to
thiolglycine or homocysteine ligands. Our theoretical work forms an experimentally testable
hypothesis of the natural selection of cysteine through coordination chemistry.
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Media Summary (100 words)

Cysteine is the genetically coded amino acid that contains a thiol functional group. It is essential
for anchoring cofactors (e.g. iron-sulphur clusters) to the proteins. Why was only cysteine
selected during evolution of the building blocks of life, when structural isomers or compositional
similar analogues could presumably function as well? We provide here computational modelling
evidence for the thermodynamic preference of cysteine as a ligand over analogues with a
shorter (thioglycine) or a longer (homocysteine) sidechain, which are plausible alternatives for
iron-sulphur cluster binding.
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1. Introduction

In extant biology, [4Fe-4S] clusters are prosthetic groups with structural, electron transfer, and
catalytic roles [1-3]. In the cell, synthesis and delivery of iron-sulphur ([Fe-S]) clusters to apo
proteins is a controlled process involving iron chaperones, cysteine desulphurases, electron
transfer proteins, and scaffold proteins [4-8]. Outside the cell, these protein cofactors are known
to assemble spontaneously when cysteine containing peptides or proteins are presented with
iron cations, sulphide/hydrogensulphide anions, and excess thiol [9]. Furthermore, even without
the presence of an anchoring peptide, [Fe-S] clusters are known to form spontaneously in
solutions containing thiols in milimolar concentration [10-15]. Pioneering works [16-19]
demonstrated that peptides as short as seven amino acids with a CxxCxxC sequence can bind
[4Fe-4S] clusters in aqueous, buffered solution. This CxxCxxC motif was designed on the basis
of the cluster-binding amino acid sequence of bacterial ferredoxins (Fd). Recently, the Fd-
maquette (FAM) work [17] was expanded to 8-mer peptides with the CxxxCxxC motif [20], which
is the canonical cluster binding sequence for the [4Fe-4S] cluster [21] in radical S-
adenosylmethionine (SAM) metalloenzymes [22]. These peptide bound metal clusters, termed
[4Fe-4S]-maquettes are valuable biomimetic models for structure/function studies. They also
provide an experimental handle to explore their significance as possible prebiotic catalysts and
as proto-metalloenzymes in early evolution [23].

In the context of Emergence-of-Life theories, there is a persistent discontinuity between
geochemical processes and extant biochemical transformations. It has been proposed that
[4Fe-4S] cluster complexes and [4Fe-4S]-maquettes encompasses part of the link between
inorganic and organic worlds and thus, aid the elimination of the discontinuity between non-
living and living systems [24]. Spontaneously formed, peptide bound [4Fe-4S] clusters could
have potentially facilitated the electron transfer, reductive cleavage of covalent bonds, and atom
transfer reactions that are commonly carried out by redox active, extant metalloenzymes. The
presence of short peptides, as chelating organic ligands, are generally considered to promote
[4Fe-4S] cluster stabilization relative to free, terminal thiol ligands. Molecular [4Fe-4S] cluster
complexes in the pores and capillaries of hydrothermal vent walls could take advantage of
thermodynamically favourable conditions to facilitate catalytic processes involving the redox
activation of small and inert molecules such as CO,, H,, CH4, and N3 [25, 26]. Unless present in
the early Earth environment, these processes are obligatory for the chemical evolution of the
building blocks of life. In the context of hydrothermal vent hypotheses, they were likely fuelled by
a complex network of geochemical processes at hundreds of atmospheres and hundreds of
degrees Celsius at the bottom of the ocean floor in the background of extreme proton (4-6
orders of magnitude) and considerable electron gradients (close to a 0.5 V) [25-30].

The set of twenty-two genetically encoded amino acids are thought to have emerged as a result
of natural selection for their physico-chemical properties [31]. Prior to establishment of genetic
code-based protein expression, thioglycine (referred to as thioGly) and homocysteine
(homoCys) are conservative analogues to cysteine (Cys), as their thiol sidechain length varies
by only a methylene group. In the prebiotic context, they could originate from radical coupling of
glycyl/alanyl and sulfhydryl/methylthiolyl radicals to form thioGly/Cys/homoCys or the de-
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methylation of methionine via radical chemistry to give homoCys. The [Fe-S] clusters
coordinated with thioGly or homoCys could have displayed roles such as electron transfer, small
molecule activating catalysts, or templates through amino acid ligation similarly to extant
biological [Fe-S] clusters with Cys coordination. Currently unexplored are the structure, stability,
and redox properties of [4Fe-4S]-maquettes coordinated by alternative thiol ligands.

To investigate the coordination chemistry of cysteine as a ligand in comparison to alternative
thiol containing amino acids, we examined the tetrakis-thiolato [4Fe-48S] cluster structure and
stability coordinated by homocysteine (homoCys, Hey, J), thioglycine (thioGly, Sly, U), and
cysteine (Cys, C) using computational methodologies. By conducting empirical force field-based
molecular dynamics and density functional theory-based stationary structural calculations, we
examined the secondary structure of peptides containing at least three cysteine residues in
comparison to the above alternative thiol amino acids. In addition, we investigated the
energetics of cluster binding by these different peptides using spectroscopically validated
density functional theory. Our results suggest that alternative amino acids have some, but not all
properties of cysteine for cluster binding, and highlight a previously unknown selection pressure
for cysteine as biology’s only genetically encoded thiol containing amino acid.

2. Methods

2.1. Peptides

In the given study, we considered short (7-mer, ylAyGAy, where y=U,C, or J) and long (16-mer,
GGyGGGyGGyGGyGGW, where y=U,C, or J) peptide sequences that have already been
investigated experimentally [18, 19] and computationally [32]. The initial structures with
expanded conformations were generated using the PROTEIN utility in Tinker suite of modelling
programs [33-36] and optimized using the AMBER99SB [37-40] force field parameters. The
JIAJGAJ (referred to as homoCys-FdM-7 or FdM-7-J), GGJGGGJGGJGGIGGW (homoCys-
FdM-16-G or FdM-16-G-J), UIAUGAU (thioGly-FdM-7 or FdM-7-U), and
GGUGGGUGGUGGUGGW (thioGly-FdM-16-G or FdM-16-G-U) peptides were manually
created by adding and removing a methylene group to the Cys residues of CIACGAC (FdM-7-C)
and GGCGGGCGGCGGCGGW (FdM-16-G-C) peptides, respectively. These compositional
changes required the extension of the force field parameters as summarized in Supporting
Materials. All new parameters were generated based on existing parameters of analogous
sidechains. Figure 1 summarizes the initial structural differences with respect to cluster nest
geometry for the protonated ylAyGAy peptides, when using the crystal structure of bacterial
ferredoxin from Peptostreptococcus asaccharolyticus (Fd-Pa, PDB code: 1DUR [41-43]) with
the N-terminal cluster-binding motif of CIACGAC. Atomic positional coordinates for molecular
structures described in the paper are provided in Supporting Materials.
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Figure 1: Comparison of the [4Fe-4S] cluster nest geometry as a function of ligating thiolate residues
using the crystal structure of the [4Fe-4S] cluster containing ferredoxin (Fd-Pa, PDB code: 1DUR [40-42]).
Panel A: UIAUGAC, Panel B: CIACGAC (native cluster binding motif), Panel C: JIAJGAC.

2.2. Molecular Dynamics Calculations and Secondary Structure Analysis

All force field-based (AMBER99SB [37-40]) molecular dynamics calculations were carried out
using the Tinker suite of modelling programs [33-36]. Each peptide was soaked in an
approximately 6 nm waterbath of a periodic truncated octahedron geometry containing 3,610
water molecules that are treated using the TIP3P model [44, 45]. The sequence of MD
simulation steps started with 5 ns constant pressure/temperature (NPT) equilibration before
switching to 100 ns constant volume/temperature (NVT) production runs with frame sampling
frequency of 1 ps. The temperature and pressure control was achieved by using Berendsen
thermostat and barostat [46]. The NPT and NVT MD simulations utilized the Nose-Hoover [47]
and Beeman [48] integrators, respectively. The cut off distances for van der Waals interactions
was set to 12 A. The Ewald cut-off parameter was set to 7 A with a PME grid dimension of
72x72x72 that is slightly larger than the boundary box [49, 50]. The peptide secondary structure
analysis was completed by our toolkit (10.5281/zenodo.1442864) that monitors S...S distances,
[2Fe-2S] and [4Fe-4S] nest formation and lifetime, and peptide conformation characterized by
various representations of Ramachandran plots [51-53]. Several scenarios for [2Fe-2S] nest
formation were considered that included the possibility for multiple [2Fe-2S] cluster binding
events. Two scenarios are discussed in the manuscript for the [4Fe-4S] nests. The ceiling for
[4Fe-4S] nest formation, as an upper limit, is defined by MD frames when the peptide backbone
conformation does not transect the triangle formed by the S-centres of the three Cys residues
regardless of whether sidechain atoms block the [4Fe-4S] cluster coordination. Since the
backbone atoms are expected to move slower than the flexible sidechains due to their
involvement in intramolecular network of weak interactions, these frames may accommodate a
[4Fe-4S] cluster only upon considerable sidechain rearrangement. In addition, we marked
“nesting” the MD frames displaying unobstructed [4Fe-4S] nests, where both the arrangement of
the backbone and sidechain atoms allow for a direct ligand-exchange reaction (peptide with
three thiol vs. three free thiols) with a preformed [4Fe-4S] cluster. The selection criteria for a
nest site has been developed based on the crystal structure of bacterial [4Fe-4S] ferredoxins as
detailed in Ref. [32]. Furthermore, short (1 ns) simulations were completed for three 3-
mercaptoethanol (RME) molecules, as free ligands in solution, and complete [4Fe-4S]-
magquettes with frozen S—CHj-groups without the presence of the iron and sulphide ions in the
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above mentioned waterbath. These calculations were utilized to refine the estimated cluster
binding enthalpy values.

2.2 Density Functional Calculations

Given the lack of validated and reliable force field parameters for Fe**aq), Fe**aq), SH (g S%aq)
ions and aqueous [2Fe-2S]**"*, [4Fe-4S]**"* clusters, in addition to the limitation of semi-
empirical quantum chemical methods in treating accurately spin-polarized [Fe-S] clusters, we
employed quantum chemical, hybrid density functionals. We only used exchange and
correlation functionals as implemented in the Gaussian16 suite of programmes [54] that have
already been validated spectroscopically for [4Fe-4S] clusters [55]. The specific combination of
hybrid exchange (Becke88 [56] + 5% Hartree-Fock) and correlation (Perdew86 [57]) density
functionals along with a saturated basis set (def2TZVP [58]) used throughout the study. This
combination of functionals was developed by reproducing both ground state electronic and
geometric structures of [4Fe-4S]*" clusters from X-ray crystallography and X-ray absorption
spectroscopy. In all calculations, we took into account three conceptually different magnetic
coupling schemes within and between the two [2Fe-2S] rhombs of a [4Fe-4S] cluster. These
were constructed by merging well-defined ionic fragments of Fe**, Fe?*, S%, deprotonated
peptide® ligand, and a deprotonated RME" ligand. The spin coupling representations of [aa] and
[RB] describe formally [2Fe?**~2S?]" rhombs, where the iron ions are ferromagnetically coupled
with mg = +£9/2 ground state. The a and B labels indicate the majority spin-up and spin-down
components, respectively. Distinct spin coupling of two rhombs can be achieved according to
[aaBB], [aRaR], and [aRRa] patterns. These electron spin configurations correspond to open
shell, singlet ground electronic states (S; = 0) that contain antiferromagnetically coupled rhombs.
All thermochemical results reported here are Boltzmann averages of electronic (SCF) energy of
the three isomers. Dispersion corrections of Grimme’s D3BJ method [59, 60] were included in
all calculations. The calculated translational entropy was corrected for the reduced free volume
in condensed phase corresponding to 200 uM solution [61]. This correction, which can be as
high as 30%, includes the calculation of an ‘effective solute concentration’ of the [4Fe-4S]-
magquette in the free volume of the solution that is not excluded by the water molecules. The
translational entropy of maquette complexes was then calculated using the equation Syans corr =
11.1 + 12.5 In(molar mass of the maquette) + 12.5 In(T) — 8.1 In(maquette effective
concentration). The numerical details of the translational entropy correction are summarized in
Supplementary Materials. Solvation effects in quantum calculations were considered by
employing the SMD polarizable continuum model [62] with water parameters. All stationary
structures were confirmed to be equilibrium structures without imaginary normal modes.



[4Fe-4S]-Maquettes with Non-coded Amino Acids

3. Results and Discussion

3.1. Secondary Structure Analysis of FAM-7 Peptides

Previously, we have reported a detailed secondary structure analysis for the CGGCGGC (FdM-
7-G-C) peptide [32], which revealed the omnipresence of [2Fe-2S] nests (25+3%) along the
NVT MD trajectories. The same analysis defined an upper limit of only 1.6% of the frames with
peptide backbone conformation amenable to [4Fe-4S] cluster coordination. These peptide
frames can be characterized by avoidance of the backbone atoms from the triangle formed by
the S-centres of three Cys residues. In these [4Fe-4S] nesting ceiling conformations, the slower
moving peptide backbone does not interfere with the presence of a [4Fe-4S] nest (see Figure 1)
regardless of the sidechains alignment. However, only at most 0.2% of the frames along a 100
ns trajectory have the preferred structure for cluster coordination through ligand-exchange
processes, when the cluster nest is in avoidance of any sidechain or either of the backbone
atoms. Thus, even for the most flexible peptide with Gly as intervening amino acid, the [4Fe-4S]
nest formation is possible, but as a rare event on the timescale of these simulations.
Importantly, Ramachandran plot analysis [51-53] revealed non-biological ¢/¢ dihedral angle
distributions, as the most favourable combinations were predicted to be located in the -60° —
0°/0° — +60° and 0° — +60°/0° — -60° regions, centred diagonally around the ¢ =0and ¢ =0
origin.

Introduction of bulkier hydrophobic sidechain groups (I and A vs. G) in going from CGGCGGC
(FAM-7-G-C) to the CIACGAC (FdM-7-C) sequence does not manifest in significantly different
peptide secondary structure distribution. This is in contrast to the experimental reconstitution
yields of 29% and 6% for the reduced [4Fe-4S]*(CIACGAC) and [4Fe-4S] (CGGCGGC)
magquettes, respectively, reported in earlier studies [18, 19]. Our recent experimental work
indicates that under optimal experimental conditions in the presence of excess RME, 90£10%
reconstitution yields can be achieved for oxidized ([4Fe-4S]**) Fd- and radical SAM-maquettes,
regardless of the amino acid sequence as long as three thiols are present in vicinity of each
other [20]. However, we observe similar lower yields (12+5%) for the reduced ([4Fe-4S]"") Fd-
and radical SAM-maquettes as reported in literature.

Figure 2 summarizes the most pertinent information of the secondary structure analyses, which
are the S...S distances and cluster nesting events. The complete secondary analysis for each
peptide is provided in Supporting Materials. Throughout the simulations, the percentage of [2Fe-
28] cluster nests remains high (purple bars next to the abscissa, Figures 2A-2C) for all three
peptides. More than 50% of the frames for homocysteine containing FdM-7-J are due to the
frequent vicinity of the N-terminal (S,) and central (Sx) S(Hey) centres (see the first 30 ns
trajectory, red trace, Figure 2C). The high [2Fe-2S] nest frequency also translates into a high
percentage of favourable S(Hey) positions (orange bars, [4Fe-4S] nesting ceiling) in which the
triangle formed by the S(Hey) centres is not transected by the peptide backbone. Depending on
whether a stepwise cluster assembly (Scheme 1 in Ref. [32]) or ligand-exchange process takes
place involving a preformed cluster [19], the former can lead to [4Fe-4S] cluster sidechain
rearrangement and thus cluster assembly, while the latter could take place during a single
collision event that we considered here (vide infra).
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Figure 2: Comparison of S...S distances between N-terminal, central (X), and C-terminal (in A) as a
function of simulation time (in ps, up to 75 ns period is shown for the most representative events) for
FdM-7-U (thioGly, panel A), FAM-7-C (Cys, panel B), and FdM-7-J (homoCys, panel C) with percent
probabilities of nest formation (graphically illustrated with purple, orange, and brown bars at the bottom of
the plot). The lack of brown marks at the bottom of each panel indicates absence of viable [4Fe-4S] nests
for [4Fe-48S] cluster coordination, with the exception of panel B (FAM-7-C) at around 42 ns (circled).
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The only sequence where we observed actual [4Fe-4S] nest formation (slightly more than 50
individual frames) without any appreciable steric disturbance from a sidechain or any backbone
atoms with the cluster nest is the FdM-7-C, a Cys containing peptide. Representative examples
for spontaneously formed [4Fe-4S] nests are shown in Figure 3. In particular, the last frame
shown in Figure 3 is notable, since it is part of a block of conformations lasting for 270 ps, where
[4Fe-4S] nests persist. The favourable backbone conformations are supported by a network of
intramolecular H-bonding/dipole interactions. All the shown cluster nests in Figure 3 are
adequate to accommodate a preformed [4Fe-4S] cluster in a ligand-exchange reaction [19]. In
contrast, the longer and shorter sidechains in homoCys and thioGly do not show favourable
conformations for [4Fe-4S] cluster coordination by a direct ligand-exchange process, despite
that all of the Cys—, homoCys—, and thioGly—based simulations were started from exactly the
same initial peptide conformation (Figure 1), and were run under identical simulation conditions
(ceteris paribus). The most prevalent issue with the peptide conformation is the tendency of the
flexible backbone to thread through the plane formed by the three S(thiol) centres. The
interference between the backbone atoms and the thiol functional group is the most trivial. While
the thiols form a triangle required for cluster binding but the nearby peptide backbone atoms
enter into the space required for [4Fe-4S] cluster coordination. Contrarily, the three longer
thiolate sidechains in homoCys containing peptide FdM-7-J become kinetically less favourable
in comparison to align in a triangle with ca. 6 A S...S distances. These differences in peptide
conformation among the coded Cys and non-coded homoCys and thioGly amino acids with
respect to [4Fe-4S] cluster binding already draw the attention to the selective nature of Cys
residue’s coordination chemistry.

CIACGAC #37177 CIACGAC #44586

Figure 3: Spontaneously formed [4Fe-4S] cluster nests with S...S distances (in A) for the CIACGAC FdM-
7 peptide as indicated by brown vertical bars at the bottom of the secondary structure analysis plots in
Figure 2B. The nest lifetimes for frames #7138, #12250, and #37177 are 1 ps. However, #44586 is part of
a block of frames that last for close to 270 ps (see also on Page 9 of Supporting Materials).
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Table 1: Observed differences in nesting for different cluster binding motifs of long 16-mer peptides. The
percentage of frames showing three-thiol [2Fe-2S] and [4Fe-4S] nest formation along 100 ns of constant
volume and temperature MD trajectories for GGyGGGyGGyGGyGGW (y = U for FdM-16-U thioGly, C for
FdM-16-C Cys, and J for FdM-16-J homoCys) peptides are shown. The first value for [4Fe-4S] nest
corresponds to the number of peptide conformations that can accept a preformed [4Fe-4S] cluster. The
second value in parentheses is the number of conformations where the peptide backbone does not
transect through the plane defined by the three S(thiol) centres, as a measure for the ceiling of cluster
nest formation.

Binding motif ~ CxxxCxxC ?  CxxxCxxxxxC CxXxXXXCxxC ~ CxxCxxC " Ccumulatlve
xXXCxxCxxC
y =U or Sly
[2Fe-2S] 31.2 28.9 15.0 37.2 112.3°
[4Fe-4S] n/a (2.9) n/a (1.5) n/a (2.0) n/a (1.1) n/a (7.5)
y=CorCys
[2Fe-2S] 21.3 10.8 23.1 15.0 70.2
[4Fe-4S] 0.1 (0.7) n/a (0.1) n/a (0.3) n/a (0.3) 0.1(1.4)
y =J or Hey
[2Fe-2S] 6.9 36.6 26.4 14.6 84.5
[4Fe-48S] n/a (0.1) n/a (0.3) n/a (0.03) n/a (0.0) n/a (0.4)

® Radical SAM cluster binding motif; ® Bacterial ferredoxin cluster binding motif; © The frame percentage
greater than 100% is due to the presence of four thiol groups in these peptides.

3.2. Secondary Structure Analysis of FAM-16 Peptides

The motivation to investigate the secondary structure of 16-mer peptides containing non-coded
thioGly and homoCys residues originates from our previous observations of the formation of
stable [4Fe-4S] cluster nests with circa 2 ns lifetime [32] involving the first three Cys residues of
the GGCGGGCGGCGGCGGW (FdM-16-G-C) peptide. The spacing of the Cys residues is
notable since the peptide encompasses both the radical SAM CxxxCxxC and the Fd CxxCxxC
cluster binding motifs. The results of MD simulations reported in this study for all three FdM-16
variant peptides, ceteris paribus, are summarized in Table 1. The simulation results in graphical
representations are summarized on pages 11-22 of Supplementary Materials. The results
parallel the outcome of the CGGCGGC (FdM-7-C) simulations (vide infra). The [2Fe-2S] cluster
nests in the 16-mer are omnipresent. From the cumulative numbers (70-112%) obtained for all
possible events, we can anticipate that the conformation of the 16-mer peptide with three thiol
containing residues will always allow for the coordination of a [2Fe-2S] cluster. The more than
100% value for FAM-16-G-U peptide represents that it is certain that the four Cys residues will
form at least one, plant ferredoxin-type [2Fe-2S]-maquette. It is unexpected that the FdAM-16-G-
C peptide shows the lowest yield for [2Fe-2S] nests given that it shows the greatest tendency to
form [4Fe-4S] nests. We can rationalize this with the expected coordination chemistry
differences between a more compact [2Fe-2S] rhomb than an expanded [4Fe-4S] cluster and
the intermediate flexibility of the —CH,—SH moiety of cysteine. When the thiol group is directly
attached to the peptide backbone as in FdM-16-G-U, the upper limit of [4Fe-4S] nests was
calculated to be the highest (7.5%). This gradually drops to 1.4% and 0.4% for FdM-16-G-C and
FdM-16-G-J, respectively, as the length of the thiol sidechain grows and conformational
flexibility increases. As a result, the peptide backbone detrimentally transects through the

10
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triangle formed by the three S-centres with respect to [4Fe-4S] cluster coordination in going
from FdM-16-G-U to FdM-16-G-J. Although to a more modest degree than observed before
(0.6%, [32]), only the FAM-16-G-C peptide shows an appreciable 0.1% probability for forming a
[4Fe-4S] nest. As can be seen from the cumulative numbers in the last column of Table 1, for a
100 ns trajectory this means that ~1000 nesting frames are ready for accepting a preformed
[4Fe-4S] cluster via a direct ligand-exchange process.

Figure 4 highlights the relevant periods of the trajectory that show the lifetime of the [4Fe-4S]
cluster at the N-terminal end of the 16-mer peptide through the CxxxCxxC cluster-binding motif.
This is despite that all calculations with Sly and Hey non-coded amino acids started from exactly
the same structure as the Cys coded amino acid containing peptide. The thioGly-containing
peptide shows the highest percentage for favourable backbone conformation without interfering
with the space required for [4Fe-48S] cluster binding. However, due to the adjacent location of
the thiol ligand to the backbone, the analysis tool finds backbone atoms within a sphere that
would be reserved for an approaching [4Fe-4S] cluster.
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Figure 4: Zoomed in region to 86-88 ns range of the S...S distance (A) and nest lifetime (B) plots for the
[4Fe-48S] cluster nesting events (marked with brown lines in panel A and brown bars pointing down in
panel B) along the 100 ns NVT MD trajectories for GGCGGGCGGCGGCGGW (FdM-16-G-C) peptide.
Purple lines in Panel A and purple bars pointing up in Panel B indicate [2Fe-2S] cluster nests and their
lifetimes, respectively. Panel C shows the ‘kinked ribbon’ conformation of the peptide that allows for the
existence of the [4Fe-4S] nest for circa 0.1 ns similar to that observed in our earlier MD simulations [32].
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3.3. Structure and Stability of [4Fe-4S]-FdM-7 Maquette

In order to establish a reference for cluster stability calculations, we invoked a specific ligand-
exchange reaction (Eq.1) between the protonated peptide and a preformed, homoleptic [4Fe-
48] cluster with BME ligands. The presence of the [Fe4S4(BME)4]* cluster in physiologically
relevant, buffered aqueous solution has been confirmed by us [20] and others [11, 13, 15]. In
this entropically strongly favoured, isodesmic reaction, we assume that the neutral thiol groups
of the peptide transfer their protons to the dissociating anionic BME ligands.

[FesS4(RME)J]> + peptideHs = [FesSa(peptide)(BME)]> + 3 RMEH (1)

3.3.1. Solution Structure of the Reference Cluster: [FesS4(BME)4J*

Crystallographic structures of the reference cluster (CCDB [63] codes: CESSEY [64] and
HETSFE [65]) show the BME ligands in extended conformation as they weave in between unit
cells and create an intricate H-bonding pattern. The H-bonds and the Coulomb interactions
between the anionic cluster and its counter-ions (Ph,;N* and Me,;N") form the network of crystal
packing interactions. However, in solution alternative, lower energy conformations are available
for the BME ligands. We carried out an extensive conformational search and localized the
lowest energy equilibrium structure, which is shown in Figure 5 at a considerably lower energy
than those in the crystallographic, extended conformation. Atomic coordinates for all optimized
structures are shown in Supporting Materials. We localized equilibrium structures for the
hydroxyl groups folding in to form bifurcated H-bonding interactions with both thiolate S (S') and
sulphide S (S°) centres (Figure 5B). Given the greater nucleophilicity of the S' versus S°, a lower
energy conformation was found when the H-bonding involved only the S' centres. This is
expected, since the sulphides are involved in covalent interactions with three Fe ions, while the
thiolate is only bound to a single Fe centre in an overall -2 charged [4Fe-4S] cluster. The
intramolecular H-bonds elongate the Fe—S'(RME) bonds (Figures 5B and 5C) relative to those in
the extended RME arms (Figure 5A). This is expected for priming the cubane for the ligand-
exchange processes that accompany transfer into a peptide nest. It is also notable how well
coordination geometry and spin-coupling schemes parallel each other. The lowest energy
pattern of antiferromagnetically coupled Si=9/2 [2Fe-2S]" rhombs of the cubane underscores the
importance of the —O-H...S' and even the weaker —C-H...S® interactions. The network of H-
bonding interactions remains self-contained within the same rhomb of the cubane in which the
Fe centres are ferromagnetically coupled to give rise to the ms = +9/2 spin states. See also the
atomic spin densities with identical signs for the left and right hand side of the cubane in Figure
5C.
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Figure 5: Equilibrium structures of [Fe4S4(BME)4]2' complex with expended (A), bifurcated (B), and folded
(C) BME ligand conformations. Pairs of labels aa (right-hand side) and BB (left-hand side) indicate the
ferromagnetically coupled mg=-+9/2 and m¢=-9/2 rhombs, respectively. These formally 2Fe*®* centres at
the top and bottom of cluster structures in Panels A and B are antiferromagnetically coupled along the Ra
pairs of Fe ions. Panel C shows the atomic spin density values from Mulliken population analysis of the
converged electronic structure with a left/right hand side arrangement of the rhombs that are
antiferromagnetically coupled. The three energy levels below the structures are the relative electronic
(SCF) energies of the three spin coupling schemes.
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Figure 6: Optimized equilibrium structures of (A)[Fe4S4(UIAUGAU)(BME)]2',(B)[Fe4S4(CIACGAC)(&ME)]Z',
and (C)[Fe4S4(JIAJGAJ)(f$ME)]2' maquettes in top view (upper row, space filling model) showing the
‘kinked-ribbon’ peptide conformation (H atoms and BME ligand are not shown for clarity) and side view
with selected distances for cluster geometry and ligand coordination (bottom row) that also illustrate the
network of interactions between the peptide and the cluster.
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3.3.2. Solution Structures of [4Fe-4S] Maquettes: [FeS«(BME)(yIAyGAy)J*, where
y=U,C, and J

The right-hand side of Eq.(1) requires optimized, equilibrium structures of the [4Fe-4S]-
magquettes, which manifest potential caveats in obtaining experimentally relevant
thermochemical data due to conformational flexibility of the coordinated peptide. While we
investigated the energetic consequence of this to a modest extent (vide infra), we can consider
the coordinated peptide conformation, as seen experimentally in the crystal structure of Fd-Pa
(PDB code: 1DUR [41-43]), as a reference state. Thus, the initial structures shown in Figure 1
were used unchanged in all quantum chemical calculations with varied thiol ligand lengths. The
[4Fe-4S] cluster with a single RME ligand and three dangling Fe—S' bonds was superimposed
with the S(Cys) centres of the Sly, Cys, and Hey containing peptide. The lowest energy,
structurally optimized equilibrium structures in top and side views are shown in Figure 6 as
illustrations for the coordinated peptide conformation and the network of interactions between
the peptide and the [Fe,S4(RME)]" moiety.

The CxxCxxC backbone conformations in the folded protein (Figure 1) and in the optimized
solvated peptide (Figure 6) reveal only minor differences. While such similarities do not persist
in the MD simulations among the folded protein conformation and the free, aqueous solution
conformation of a peptide, this result underscores the purpose of quantum chemical calculations
to mitigate differences due to conformational variability among the peptides. Both CxxC
fragments of the CxxCxxC peptide display an S-shaped arrangement of the backbone atoms
(see top views, Figure 6) that are conjoined at the central thiol residue at an acute hinge angle.
The alignment of the peptide C=0 and N-H dipoles are very similar; however, their distances to
the cluster vary greatly due to the differences in the length of the thiol anchoring ligands (see
side views in Figure 6). Furthermore, the different thiolate coordination scenarios generate
significant variations among the coded and non-coded amino acids that are clearly manifested
in the highlighted Fe-S"', Fe-S®, Fe...Fe, and S°...S® distances, number and length of the H-
bonding interactions between the backbone functional groups and the S centres, and also in the
relative energies as a function of specific Fe...Fe spin coupling schemes as shown in Figure 6.

The calculated electronic (SCF) energy differences in the thioGly and Cys containing maquettes
show a similar trend, but the homoCys is distinct. There is a clear energetic preference for a
specific spin coupling scheme where the left-hand side, ms = +9/2 [2Fe-2S] rhomb of Figure 6,
Panels A and B is antiferromagnetically coupled to the right-hand side, my=-9/2 rhomb. The
homoCys coordinated cluster has considerably reduced energetic differences among the
various spin coupling schemes, which is highly similar to the reference [Fe4S4(RME)s]* complex
(Figure 5C, which is also an example for left/right hand side coupling). Figure 6C shows the
lowest energy structures in which the top [2Fe-2S] rhomb (ms = +9/2) is antiferromagnetically
coupled to the rhomb in the back (ms=-9/2), similarly to those shown in Figures 5A and 5B. The
characteristically shorter Fe—S® distances (2.2 A) in between versus (2.3 A) within the rhombs is
the direct manifestation of the stronger covalent Fe—S® interaction along the antiferromagnetic
coupling path versus the weaker ones along the ferromagnetically coupled rhombs. This is
compensated by slightly shorter Fe...Fe distances (2.65 vs. 2.67 A) and the considerably longer
S°...8° distances (3.73 vs. 3.59 A). These differences are the result of the direct exchange
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interaction among the high spin, valence delocalized Fe centres within the mg = +9/2 [2Fe-2S]"
rhombs of a diamagnetic S; = 0 [4Fe-4S]** cluster.

Similar to the homoleptic, RME coordinated reference cluster complex, variations in the Fe—S"
distances of the optimized [4Fe-4S] maquette structures are also informative of the structural
differences among the three studied peptides. The Fe—-S(RME) bond lengths of 2.22+0.01 A
can be taken as a reference value for the cluster thiolate interaction without steric strain or
intramolecular H-bonding interactions to the coordinated thiolate S centre. Despite starting from
the same thiolate conformation for the BME ligand as posed by the fourth, distal Cys
coordination to the cluster binding motif in the crystal structure of Fd-Pa (PDB code: 1DUR [41-
43]), the optimized maquette structures show variability whether the distal hydroxyl group of
RME forms a H-bonding interaction or not. As shown in Figure 5 (folded and bifurcated versus
extended thiolate arms), the intramolecular H-bonding with the ligand is more favourable
energetically than interaction with solvent water molecules. This is further compounded by
additional H-bonding to one of the S° centres. As discussed for the reference [Fe;S4(BME)4**
cluster, this interaction with S° can introduce up to 36 kJ mol™ variation in relative energies for
the lowest energy spin coupling states.

The peptide thiol S' positions from the anchoring Fe ions are clear features of the strength of H-
bonding interactions with the peptide backbone. The N-terminal and central Fe—S' distances are
consistently 0.04 A longer than the C-terminal Fe—S' distances for the thioGly containing
maquette. Given the lack of notable H-bonding interactions involving the C-terminal S' centre, it
behaves similarly as the S' of the BME ligand. The lower strength of the peptide/thiol H-bonding
in Cys maquette versus the thioGly is shown by the reduced deviation of 0.02 A between the
Fe—S'bond lengths. These differences practically disappear (at most 0.01 A) for the homoCys
magquette, which is a direct indication that homoCys thiol sidechain behaves highly similarly to
the free BME thiol with respect to cluster anchoring or coordination. This is also suggested by
the similar H-bonding pattern and arrangement of the ‘spectator’ BME ligand in the homoCys
magquette in comparison to the [FesS4(RME)4]* reference cluster.

3.3.3. Ligand-Exchange/ Cluster Transfer Thermodynamics

The thermochemical analysis of the equilibrium [4Fe-4S] cluster structures on both sides of the
ligand-exchange reaction depicted by Eq.(1) supplemented with those of the fully protonated
peptide and the protonated RME allows for the calculation of experimentally relevant Gibbs free
energy and enthalpy values for the maquette formation reaction. The Gibbs free energy values
were corrected with the translational entropy differences between the ideal gas phase and the
condensed phase at 200 uM maquette concentration (see Supporting Materials). Furthermore,
we also considered the conformational flexibility of the free peptide (AH*"(peptide
conformation), Table 2) which affects the left hand side of Eq.(1). Before coordination to the
[4Fe-4S]* cluster, the free peptide in a waterbath can adopt more stable conformations than
when it is coordinated in the maquette complex. Thus, peptide coordination to the cluster may
require 10—-20 kJ mol reorganization energy. On the contrary, the dissociating three RME
molecules treated in the same waterbath model may interact with each other through H-
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bonding, Coulomb/dipole, and van der Waals/dispersion interactions, which can lower the
overall reaction enthalpy. From the quantum chemical section (vide infra), we established the
energy range for the various spin coupling schemes and thiolate ligand conformations, which is
best exemplified by the relative energies in Figure 5.

Table 2: Summary of Gibbs free energy and reaction enthalpy values (in kJ mol'1) for the [4Fe-4S]-
maquette [Fe4S4(peptide)(rZ~,ME)]2') formation in ligand-exchange reaction from a pre-formed
[FesS4(RME),]* complex as depicted in Eq.(1). The AH®"™ values were calculated from 1 ns NVT MD runs
for the peptide and the three BME molecules in waterbath, as well as the various spin coupling schemes
of the [4Fe-48S] clusters.

peptide AH™  AG™  AH*"(peptide AH“"(RME AH""(spin
conformation) molecules) coupling)
thioGly - UIAUGAU -64 -162 +10.23.5 -5.0£1.1 < +58
Cys - CIACGAC -80 -169 +9.5+3.1 -5.0£1.1 < +58
homoCys - JIAJGAJ -3 -123 +18.649.1 -5.0£1.1 < +58

The overall Gibbs free energy values in Table 2 (AG™") clearly indicate that the cluster formation
by ligand-exchange is spontaneous for all peptides regardless of the length of the thiolate
sidechain. This is in support of our observations of similar maquette formation yields for a wide
range of cysteine containing peptides [20] with a variety of coded amino acids at intervening
positions of the Cx,Cx,C motif. However, there are also significant differences in Table 2 that
show clear thermodynamic preference for the formation of the [4Fe-4S]-maquette with the
coded Cys containing peptide CIACGAC. When the various correction terms to enthalpy are
considered, including the thiolate conformational and spin-coupling scheme energy, the overall
exothermic reaction could switch to endothermic for the non-coded amino acids. The enthalpy
values (AH™"), as a direct indication of cluster/peptide interaction energy, clearly shows the
thermodynamic preference of the coded amino acid coordination through three thiolates with -80
kJ mol™ stronger interaction than three of the coordinated BME ligands together. This can be
rationalized by the ideal chelating geometry defined by the spacing of the amino acids and the
length of the thiolate arms. In addition, the balanced steric repulsion between the peptide and
the cluster and the network of H-bonding/dipole interactions between the backbone functional
groups and the cluster S-centres further contribute to the added stability of Cys. The binding
energy difference between the peptide and BME ligands diminishes for the homoCys as the
longer sidechain behaves highly similarly to the non-chelating BME™ ligand. The shortest thiolate
anchor in thioGly maquettes coordinates the cluster weaker than Cys, but maintains an
extensive network of intramolecular interactions as expected from the optimized equilibrium
structures of thioGly- (Figure 6A, side view) and Cys-containing (Figure 6B, side view)
magquettes. The reduced cluster binding affinity of thioGly can be rationalized by the increased
steric bulk repulsion between the cluster and the peptide despite the numerous H-bonding
interactions relative to the Cys maquette.
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4. Discussion

With respect to coded and non-coded thiolate sidechain containing amino acids, our work
highlights the significance of the length of peptide thiolate sidechains in coordinating [4Fe-4S]
clusters. While the short thiol in thioglycine directly connected to the peptide backbone shows a
favourable network of interactions between the peptide and the cluster; the close proximity of
the negatively charged cluster and the steric bulk moderates [4Fe-4S] cluster binding. The
presence of a single methylene group between the backbone and the coordinating thiolate, as in
cysteine, alleviates the steric bulk from the peptide, maintains the H-bonding and dipole
network, and provides covalent Fe—S(thiolate) interactions that together create the optimal
electronic and geometric structural conditions for [4Fe-4S] cluster binding. When transitioning
from cysteine to homocysteine, the extension of the thiol sidechain with additional methylene
groups diminishes the benefit of peptide coordination to a modest chelating effect manifested by
effectively creating a higher local thiolate concentration for [4Fe-4S] cluster binding in
comparison to free thiol molecules in aqueous solution. Thus, homoCys expected to behave
similarly to the free thiol (RME) in a coordinated [4Fe-4S] cluster. It is also notable that neither
thioGly nor homoCys are described in the Protein Databank [66] as part of a native protein
matrix resulting from post-translational modifications of coded amino acids. However,
derivatives of both non-coded amino acids considered here are known as GL3 [67-69] and
HCS/KCY [70-74] in the Protein Databank as part of synthetic short peptides.

The thermodynamic preference for [4Fe-4S]-maquette formation in the presence of coded,
cysteine containing peptides was established based on empirical force field-based molecular
dynamics simulations and high level, quantum chemical calculations. These computational
modelling results are currently being followed up by experimental studies in our laboratories. We
predict that peptides harbouring the non-coded amino acids will exhibit lower yields for
reconstitution of [4Fe-4S]** clusters in aqueous buffers. Furthermore, since our simulation
results indicate that peptides can exist in a nest conformation suitable for receiving a fully
formed cluster, they support a reconstitution mechanism, wherein [4Fe-4S] cluster incorporation
into a peptide nest does not proceed through [Fe-S] cluster decomposition and reassembly, but
is more likely a thermodynamically favourable, direct ligand-exchange process.

Extant biology can couple electron transfer reactions to a build up of chemical potential. This
chemical potential (often in the form of high ATP/ADP ratios, and the membrane spanning ion
potential) is then used to drive otherwise generally unfavourable reactions such as amino acid
and nucleoside polymerization. In the context of Emergence-of-Life scenarios, spontaneous [Fe-
S] cluster formation in aqueous solution can be a plausible way for facilitating electron transfer
reactions by protocatalysts. Experimental reports [10, 11, 14, 16, 17, 20] have expanded our
awareness of which cysteine thiolate motifs can coordinate [Fe-S] clusters. Our work here
highlights potential reasons for why cysteine, and not functional analogues of cysteine may
have been selected as the preferred [Fe-S] cluster ligands in Nature.

5. Conclusions

Empirical force field-based molecular dynamics simulations and spectroscopically validated
density functional calculations provided support for the thermodynamic preference of cysteine,
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an essential, genetically coded amino acid for the coordination of [4Fe-4S] clusters, in
comparison to the non-coded analogues thioglycine and homocysteine that contain a shorter
and longer thiolate, respectively. The coordination chemistry-based evolutionary selection in the
case of [4Fe-4S] cubanes can be contrasted with [2Fe-2S] cluster nest formation, which was
observed to be more prevalent for the non-coded amino acids for both short (7-mer) and long
(16-mer) peptides. The length of the cysteine thiol sidechain forms an ideal spacing between the
peptide and the cubane that mitigates the steric bulk, facilitates the network of H-bonding and
dipole interactions, and promotes covalent Fe—S(thiolate) bonding. These interactions are less
favourable when considering peptides containing thioglycine. Peptides with homocysteine are
predicted to behave as free thiolates (such as R-mercaptoethanol), with modest influence of the
chelating nature on [Fe-S] cluster binding and stability. We can also confirm from the
comparison of 7-mer and 16-mer peptides that sequence length likely influences the
coordination, binding and stability of [Fe-S] cluster species, as the probability of [4Fe-4S] cluster
nests ready for direct ligand-exchange with a preformed cubane cluster is doubled for the longer
peptide. This is advantageous for the biomimetic aspects of this work, since we can thus use
both the N-terminal and C-terminal flanking amino acids for designing substrate binding pockets
in order to promote the functionalization of the unique, fourth Fe-site that is not involved in
coordination to the peptide. In summary, we propose that peptides with cysteine are
thermodynamically more favourable for [4Fe-4S] cluster coordination than alternative thiolate
containing non-coded amino acids. These observations are based on well-established
computational methodologies; thus, they generate an experimentally testable hypothesis of
“natural selection” through coordination chemistry. In proto-ferredoxins and [4Fe-4S] cluster
containing proto-metalloenzymes, homoCys and thioGly coordinated clusters may have
displayed lower stability and thus, may have had shorter half lives, while Cys containing
peptides could have persisted as thermodynamically preferred nests for [4Fe-4S] cluster
binding.

Acknowledgement

Computations were carried out on the Hyalite High Performance Computing System, operated
and supported by University Information Technology Research Cyberinfrastructure at Montana
State University, Bozeman, MT.

Funding

This work was supported by the National Science Foundation, Chemistry of Life Processes
program, Grant #1609557 to R.K.Sz. and E.M.S. S.E.M. is partially supported by NSF Grant
#1724300 “Collaborative Research: Biochemical, Genetic, Metabolic, and Isotopic Constraints
on an Ancient Thiobiosphere”.

Supporting Information

Atomic positional coordinates of representative molecules; force field parameter sets; details of
corrections to translational entropy, and the full detailed analysis of secondary structure analysis
of molecular dynamics trajectories are provided as electronic supporting information. Additional
electronic supporting materials are made available at the Zenodo OpenScience Repository
under registered dataset as DOI 10.5281/zenodo.3361945.

19



[4Fe-4S]-Maquettes with Non-coded Amino Acids

References

[1] Beinert, H., Holm, R.H. & Munck, E. 1997 Iron-sulfur clusters: Nature's modular,
multipurpose structures. Science 277, 653-659. (doi:10.1126/science.277.5326.653).

[2] Holm, R.H., Kennepohl, P. & Solomon, E.I. 1996 Structural and functional aspects of metal
sites in biology. Chem. Rev. 96, 2239-2314. (doi:10.1021/cr9500390).

[3] Bian, S.M. & Cowan, J.A. 1999 Protein-bound iron-sulfur centers. Form, function, and
assembly. Coord. Chem. Rev. 190, 1049-1066. (doi:10.1016/s0010-8545(99)00157-5).

[4] Fontecave, M., de Choudens, S.O., Py, B. & Barras, F. 2005 Mechanisms of iron-sulfur
cluster assembly: the SUF machinery. J. Biol. Inorg. Chem. 10, 713-721.
(d0i:10.1007/s00775-005-0025-1).

[5] Johnson, D.C., Dean, D.R., Smith, A.D. & Johnson, M.K. 2005 Structure, function, and
formation of biological iron-sulfur clusters. Annu. Rev. Biochem. 74, 247-281.
(doi:10.1146/annurev.biochem.74.082803.133518).

[6] Lill, R. 2009 Function and biogenesis of iron-sulphur proteins. Nature 460, 831-838.
(doi:10.1038/nature08301).

[7] Outten, F.W. 2015 Recent advances in the SUF Fe-S cluster biogenesis pathway: Beyond
the proteobacteria. Biochim. Biophys. Acta-Mol. Cell Res. 1853, 1464-1469.
(doi:10.1016/j.bbamcr.2014.11.001).

[8] Mansy, S.S. & Cowan, J.A. 2004 Iron-sulfur cluster biosynthesis: Toward an understanding
of cellular machinery and molecular mechanism. Accounts Chem. Res. 37, 719-725.
(doi:10.1021/ar0301781).

[9] Rao, P.V. & Holm, R.H. 2004 Synthetic analogues of the active sites of iron-sulfur proteins.
Chem. Rev. 104, 527-559. (doi:10.1021/cr020615+).

[10] Bonfio, C., Valer, L., Scintilla, S., Shah, S., Evans, D.J., Jin, L., Szostak, J.W., Sasselov,
D.D., Sutherland, J.D. & Mansy, S.S. 2017 UV-light-driven prebiotic synthesis of iron-
sulfur clusters. Nat. Chem. 9, 1229-1234. (doi:10.1038/nchem.2817).

[11] Bonomi, F., Werth, M.T. & Kurtz, D.M. 1985 Assembly of [Fe;S,(SR)4]%, [Fe4S4(SR)4]* in
aqueous media from iron salts, thiols, and sulfur, sulfide, or thiosulfate plus rhodanese.
Inorg. Chem. 24, 4331-4335. (doi:10.1021/ic00219a026).

[12] Cammack, R. & Balk, J. 2014 Iron-sulfur Clusters. In Binding, Transport and Storage of
Metal lons in Biological Cells (eds. W. Maret & A. Wedd), pp. 333-357.

[13] Kurtz, D.M. & Stevens, W.C. 1984 Assembly of [Fe;S2(SR)4]*, [FesS4(SR)4]* in aqueous-
based media. J. Am. Chem. Soc. 106, 1523-1524. (doi:10.1021/ja00317a078).

[14] Qi, W.B., Li, J.W., Chain, C.Y., Pasquevich, G.A., Pasquevich, A.F. & Cowan, J.A. 2012
Glutathione complexed Fe-S centers. J. Am. Chem. Soc. 134, 10745-10748.
(doi:10.1021/ja302186j).

[15] Coldren, C.D., Hellinga, H.W. & Caradonna, J.P. 1997 The rational design and construction
of a cuboidal iron-sulfur protein. Proc. Natl. Acad. Sci. U. S. A. 94, 6635-6640.
(doi:10.1073/pnas.94.13.6635).

[16] Gibney, B.R., Mulholland, S.E., Rabanal, F. & Dutton, P.L. 1996 Ferredoxin and ferredoxin-
heme maquettes. Proc. Natl. Acad. Sci. U. S. A. 93, 15041-15046.
(doi:10.1073/pnas.93.26.15041).

[17] Mulholland, S.E., Gibney, B.R., Rabanal, F. & Dutton, P.L. 1996 Design and synthesis of a
4Fe-4S protein. Biophys. J. 70, TU468.

20



[4Fe-4S]-Maquettes with Non-coded Amino Acids

[18] Mulholland, S.E., Gibney, B.R., Rabanal, F. & Dutton, P.L. 1998 Characterization of the
fundamental protein ligand requirements of [4Fe-4S]**"* clusters with sixteen amino acid
maquettes. J. Am. Chem. Soc. 120, 10296—-10302. (doi:10.1021/ja981279a).

[19] Mulholland, S.E., Gibney, B.R., Rabanal, F. & Dutton, P.L. 1999 Determination of nonligand
amino acids critical to [4Fe-4S]**"* assembly in ferredoxin maquettes. Biochemistry 38,
10442-10448. (doi:10.1021/bi9908742).

[20] Galambas, A., Miller, J., Jones, M., McDaniel, E., Lukes, M., Watts, H., Copié, V.,
Broderick, J.B., Szilagyi, R.K. & Shepard, E.M. 2019 Radical S-adenosylmethionine
Maquette Chemistry: Cx3;Cx,C Peptide Coordinated Redox Active [4Fe-4S] Clusters. J.
Biol. Inorg. Chem., accepted for publication.

[21] Holliday, G.L., Akiva, E., Meng, E.C., Brown, S.D., Calhoun, S., Pieper, U., Sali, A., Booker,
S.J. & Babbitt, P.C. 2018 Atlas of the radical SAM superfamily: Divergent evolution of
function using a "Plug and Play" domain. In Radical Sam Enzymes (ed. V. Bandarian), pp.
1-71.

[22] Broderick, J.B., Duffus, B.R., Duschene, K.S. & Shepard, E.M. 2014 Radical S-
adenosylmethionine enzymes. Chem. Rev. 114, 4229-4317. (doi:10.1021/cr4004709).

[23] Kim, J.D., Rodriguez-Granillo, A., Case, D.A., Nanda, V. & Falkowski, P.G. 2012 Energetic
Selection of Topology in Ferredoxins. PLoS Comput. Biol. 8.
(doi:10.1371/journal.pcbi.1002463).

[24] Russell, M.J., Hall, A.J. & Mellersh, A.R. 2003 On the dissipation of thermal and chemical
energies on the early Earth: The onsets of hydrothermal convection, chemiosmosis,
genetically regulated metabolism and oxygenic photosynthesis. In Natural and Laboratory
- Simulated Thermal Geochemical Processes (ed. R. lkan), pp. 325-388. Dordrecht,
Kluwer Academic Publishers.

[25] Martin, W. & Russell, M.J. 2003 On the origins of cells: a hypothesis for the evolutionary
transitions from abiotic geochemistry to chemoautotrophic prokaryotes, and from
prokaryotes to nucleated cells. Philos. Trans. R. Soc. B-Biol. Sci. 358, 59-83.
(doi:10.1098/rstb.2002.1183).

[26] Martin, W., Baross, J., Kelley, D. & Russell, M.J. 2008 Hydrothermal vents and the origin of
life. Nat. Rev. Microbiol. 6, 805-814. (doi:10.1038/nrmicro1991).

[27] McGlynn, S.E., Kanik, I. & Russell, M.J. 2012 Peptide and RNA contributions to iron-
sulphur chemical gardens as life's first inorganic compartments, catalysts, capacitors and
condensers. Philos. Trans. R. Soc. A-Math. Phys. Eng. Sci. 370, 3007-3022.
(doi:10.1098/rsta.2011.0211).

[28] Mielke, R.E., Robinson, K.J., White, L.M., McGlynn, S.E., McEachern, K., Bhartia, R.,
Kanik, I. & Russell, M.J. 2011 Iron-sulfide-bearing chimneys as potential catalytic energy
traps at life's emergence. Astrobiology 11, 933-950. (doi:10.1089/ast.2011.0667).

[29] Shibuya, T., Yoshizaki, M., Masaki, Y., Suzuki, K., Takai, K. & Russell, M.J. 2013 Reactions
between basalt and CO,-rich seawater at 250 and 350 °C, 500 bars: Implications for the
CO, sequestration into the modern oceanic crust and the composition of hydrothermal
vent fluid in the CO,-rich early ocean. Chem. Geol. 359, 1-9.
(doi:10.1016/j.chemgeo.2013.08.044).

[30] White, L.M., Bhartia, R., Stucky, G.D., Kanik, I. & Russell, M.J. 2015 Mackinawite and
greigite in ancient alkaline hydrothermal chimneys: Identifying potential key catalysts for
emergent life. Earth Planet. Sci. Lett. 430, 105-114. (doi:10.1016/j.epsl.2015.08.013).

[31] llardo, M., Meringer, M., Freeland, S., Rasulev, B. & Cleaves, H.J. 2015 Extraordinarily
adaptive properties of the genetically encoded amino acids. Scientific Reports 5.
(doi:10.1038/srep09414).

21



[4Fe-4S]-Maquettes with Non-coded Amino Acids

[32] Hanscam, R., Shepard, E.M., Broderick, J.B., Copie, V. & Szilagyi, R.K. 2019 Secondary
structure analysis of peptides with relevance to iron-sulfur cluster nesting. J. Comput.
Chem. 40, 515-526. (d0i:10.1002/jcc.25741).

[33] Ponder, J.W. 2018 Tinker Molecular Modeling. Ver. 8.3.1. Saint Louis, MO, Department of
Chemistry, Washington University.

[34] Albaugh, A., Boateng, H.A., Bradshaw, R.T., Demerdash, O.N., Dziedzic, J., Mao, Y.Z,,
Margul, D.T., Swails, J., Zeng, Q., Case, D.A., et al. 2016 Advanced potential energy
surfaces for molecular simulation. J. Phys. Chem. B 120, 9811-9832.
(doi:10.1021/acs.jpcb.6b06414).

[35] Aviat, F., Levitt, A., Stamm, B., Maday, Y., Ren, P.Y., Ponder, J.W., Lagardere, L. &
Piquemal, J.P. 2017 Truncated conjugate gradient: An optimal strategy for the analytical
evaluation of the many-body polarization energy and forces in molecular simulations. J.
Chem. Theory Comput. 13, 180—190. (doi:10.1021/acs.jctc.6b00981).

[36] Lagardere, L., Jolly, L.H., Lipparini, F., Aviat, F., Stamm, B., Jing, Z.F.F., Harger, M.,
Torabifard, H., Cisneros, G.A., Schnieders, M.J., et al. 2018 Tinker-HP: a massively
parallel molecular dynamics package for multiscale simulations of large complex systems
with advanced point dipole polarizable force fields. Chem. Sci. 9, 956-972.
(doi:10.1039/c7sc04531)).

[37] Cornell, W.D., Cieplak, P., Bayly, C.l., Gould, I.R., Merz, K.M., Ferguson, D.M., Spelimeyer,
D.C., Fox, T., Caldwell, J.W. & Kollman, P.A. 1995 A second generation force-field for the
simulation of proteins, nucleic-acids, and organic-molecules. J. Am. Chem. Soc. 117,
5179-5197. (doi:10.1021/ja00124a002).

[38] Cornell, W.D., Cieplak, P., Bayly, C.l., Gould, |.R., Merz, K.M., Ferguson, D.M., Spellmeyer,
D.C., Fox, T., Caldwell, J.W. & Kollman, P.A. 1996 A second generation force field for the
simulation of proteins, nucleic acids, and organic molecules (vol 117, pg 5179, 1995). J.
Am. Chem. Soc. 118, 2309-2309. (doi:10.1021/ja955032¢).

[39] Wang, J.M., Cieplak, P. & Kollman, P.A. 2000 How well does a restrained electrostatic
potential (RESP) model perform in calculating conformational energies of organic and
biological molecules? J. Comput. Chem. 21, 1049-1074. (doi:10.1002/1096-
987x(200009)21:12<1049::aid-jcc3>3.0.co;2-f).

[40] Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A. & Simmerling, C. 2006
Comparison of multiple amber force fields and development of improved protein backbone
parameters. Proteins 65, 712—725. (doi:10.1002/prot.21123).

[41] Adman, E.T., Sieker, L.C. & Jensen, L.H. 1973 Structure of a bacterial ferredoxin. J. Biol.
Chem. 248, 3987-3996.

[42] Adman, E.T., Sieker, L.C. & Jensen, L.H. 1976 Structure of Pepfococcus aerogenes
ferredoxin - Refinement at 2 A resolution. J. Biol. Chem. 251, 3801-3806.

[43] Backes, G., Mino, Y., Loehr, T.M., Meyer, T.E., Cusanovich, M.A., Sweeney, W.V., Adman,
E.T. & Sandersloehr, J. 1991 The environment of [4Fe-4S] clusters in ferredoxins and
high-potential iron proteins - New information from X-ray crystallography and resonance
Raman-spectroscopy. J. Am. Chem. Soc. 113, 2055-2064. (doi:10.1021/ja00006a027).

[44] Neria, E., Fischer, S. & Karplus, M. 1996 Simulation of activation free energies in molecular
systems. J. Chem. Phys. 105, 1902-1921. (doi:10.1063/1.472061).

[45] Jorgensen, W.L., Chandrasekhar, J., Madura, J.D., Impey, RW. & Klein, M.L. 1983
Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 79,
926-935. (doi:10.1063/1.445869).

22



[4Fe-4S]-Maquettes with Non-coded Amino Acids

[46] Berendsen, H.J.C., Postma, J.P.M., Vangunsteren, W.F., Dinola, A. & Haak, J.R. 1984
Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81, 3684-3690.
(doi:10.1063/1.448118).

[47] Hoover, W.G. 1985 Canonical dynamics - equilibrium phase-space distributions. Phys. Rev.
A 31, 1695-1697. (doi:10.1103/PhysRevA.31.1695).

[48] Beeman, D. 1976 Some multistep methods for use in molecular-dynamics calculations. J.
Comput. Phys. 20, 130—139. (doi:10.1016/0021-9991(76)90059-0).

[49] Toukmaiji, A.Y. & Board, J.A. 1996 Ewald summation techniques in perspective: A survey.
Comput. Phys. Commun. 95, 73-92. (doi:10.1016/0010-4655(96)00016-1).

[50] Weber, W., Hunenberger, P.H. & McCammon, J.A. 2000 Molecular dynamics simulations of
a polyalanine octapeptide under Ewald boundary conditions: Influence of artificial
periodicity on peptide conformation. J. Phys. Chem. B 104, 3668—3675.
(doi:10.1021/jp9937757).

[51] Zhou, A.Q., O'Hern, C.S. & Regan, L. 2011 Revisiting the Ramachandran plot from a new
angle. Protein Sci. 20, 1166—-1171. (doi:10.1002/pro.644).

[52] Hollingsworth, S.A. & Karplus, P.A. 2010 A fresh look at the Ramachandran plot and the
occurrence of standard structures in proteins. BioMol. Concepts 1, 271-283.
(doi:10.1515/bmc.2010.022).

[53] Ho, B.K., Thomas, A. & Brasseur, R. 2003 Revisiting the Ramachandran plot: Hard-sphere
repulsion, electrostatics, and H-bonding in the alpha-helix. Protein Sci. 12, 2508—-2522.
(doi:10.1110/ps.03235203).

[54] Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R.,
Scalmani, G., Barone, V., Petersson, G.A., Nakatsuiji, H., et al. 2016 Gaussian 16 Rev.
A.01. (Wallingford, CT.

[55] Szilagyi, R.K. & Winslow, M.A. 2006 On the accuracy of density functional theory for iron -
Sulfur clusters. J. Comput. Chem. 27, 1385-1397. (doi:10.1002/jcc.20449).

[56] Becke, A.D. 1988 Density-functional exchange-energy approximation with correct
asymptotic-behavior. Phys. Rev. A 38, 3098-3100. (doi:10.1103/PhysRevA.38.3098).

[57] Perdew, J.P. 1986 Density-functional approximation for the correlation energy of the
inhomogeneous electron gas. Phys. Rev. B 33, 8822-8824.
(doi:10.1103/PhysRevB.33.8822).

[58] Weigend, F. & Ahlrichs, R. 2005 Balanced basis sets of split valence, triple zeta valence
and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. J.
Chem. Phys. 7, 3297-3305.

[59] Grimme, S. 2006 Semi-empirical GGA-type density functional constructed with a long-range
dispersion correction. J. Comput. Chem. 27, 1787-1799. (doi:10.1002/jcc.20495).

[60] Grimme, S., Ehrlich, S. & Goerigk, L. 2011 Effect of the damping function in dispersion
corrected density functional theory. J. Comput. Chem. 32, 1456-1465.
(doi:10.1002/jcc.21759).

[61] Mammen, M., Shakhnovich, E.I., Deutch, J.M. & Whitesides, G.M. 1998 Estimating the
entropic cost of self-assembly of multiparticle hydrogen-bonded aggregates based on the
cyanuric acid x melamine lattice. J. Org. Chem. 63, 3821-3830. (doi:10.1021/jo970944f).

[62] Marenich, A.V., Cramer, C.J. & Truhlar, D.G. 2009 Universal solvation model based on
solute electron density and on a continuum model of the solvent defined by the bulk
dielectric constant and atomic surface tensions. J. Phys. Chem. B 113, 6378-6396.
(doi:10.1021/jp810292n).

23



[4Fe-4S]-Maquettes with Non-coded Amino Acids

[63] Groom, C.R., Bruno, I.J., Lightfoot, M.P. & Ward, S.C. 2016 The Cambridge structural
database. Acta Crystallogr. Sect. B-Struct. Sci.Cryst. Eng. Mat. 72, 171-179.
(doi:10.1107/s2052520616003954).

[64] Barclay, J.E., Davies, S.C., Evans, D.J., Hughes, D.L. & Longhurst, S. 1999 Lattice effects
in the Mdssbauer spectra of salts of [Fe,S4{S(CH,),OH}]*. Crystal structures of
(PPhy)2[FesS4{S(CH;),OH}4] (n = 2, 3 and 4). Inorg. Chim. Acta 291, 101-108.
(doi:10.1016/s0020-1693(99)00098-5).

[65] Christou, G., Garner, C.D., Drew, M.G.B. & Cammack, R. 1981 Crystal structure and *C
nuclear magnetic resonance spectrum of (NMe,);[FesS4(SCH,CH,OH), and electron-spin
resonance spectrum of [Fe;S4(SCH,CH,OH)4]* in aqueous solution. Journal of the
Chemical Society-Dalton Transactions, 1550-1555. (doi:10.1039/dt9810001550).

[66] Berman, H.M., Westbrook, J., Feng, Z., Gillland, G., Bhat, T.N., Weissig, H., Shindyalov,
I.N. & Bourne, P.E. 2000 The Protein Data Bank. Nucleic Acids Res. 28, 235-242.
(doi:10.1093/nar/28.1.235).

[67] Cedervall, P.E., Dey, M., Li, X.H., Sarangi, R., Hedman, B., Ragsdale, S.W. & Wilmot, C.M.
2011 Structural analysis of a Ni-methyl species in methyl-coenzyme M reductase from
Methanothermobacter marburgensis. J. Am. Chem. Soc. 133, 5626-5628.
(d0i:10.1021/ja110492p).

[68] Duin, E.C., Wagner, T., Shima, S., Prakash, D., Cronin, B., Yanez-Ruiz, D.R., Duval, S.,
Rumbeli, R., Stemmler, R.T., Thauer, R.K., et al. 2016 Mode of action uncovered for the
specific reduction of methane emissions from ruminants by the small molecule 3-
nitrooxypropanol. Proc. Natl. Acad. Sci. U. S. A. 113, 6172-6177.
(doi:10.1073/pnas.1600298113).

[69] Wagner, T., Wegner, C.E., Kahnt, J., Ermler, U. & Shima, S. 2017 Phylogenetic and
structural comparisons of the three types of methyl coenzyme M reductase from
methanococcales and methanobacteriales. J. Bacteriol. 199. (doi:10.1128/jb.00197-17).

[70] Assem, N., Ferreira, D.J., Wolan, D.W. & Dawson, P.E. 2015 Acetone-linked peptides: A
convergent approach for peptide macrocyclization and labeling. Angew. Chem.-Int. Edit.
54, 8665-8668. (doi:10.1002/anie.201502607).

[71] Burton, A.J., Thomson, A.R., Dawson, W.M., Brady, R.L. & Woolfson, D.N. 2016 Installing
hydrolytic activity into a completely de novo protein framework. Nat. Chem. 8, 837-844.
(doi:10.1038/nchem.2555).

[72] Hoang, H.N., Song, K., Hill, T.A., Derksen, D.R., Edmonds, D.J., Kok, W.M., Limberakis, C.,
Liras, S., Loria, P.M., Mascitti, V., et al. 2015 Short hydrophobic peptides with cyclic
constraints are potent glucagon-like peptide-1 receptor (GLP-1R) agonists. J. Med. Chem.
58, 4080-4085. (doi:10.1021/acs.jmedchem.5b00166).

[73] Kishimoto, S., Nakashimada, Y., Yokota, R., Hatanaka, T., Adachi, M. & Ito, Y. 2019 Site-
specific chemical conjugation of antibodies by using affinity peptide for the development of
therapeutic antibody format. Bioconjugate Chem. 30, 698-702.
(doi:10.1021/acs.bioconjchem.8b00865).

[74] Oddo, A., Mortensen, S., Thogersen, H., De Maria, L., Hennen, S., McGuire, J.N., Kofoed,
J., Linderoth, L. & Reedtz-Runge, S. 2018 a-Helix or B3-Turn? An investigation into N-
terminally constrained analogues of glucagon-like peptide 1 (GLP-1) and exendin-4.
Biochemistry 57, 4148-4154. (doi:10.1021/acs.biochem.8b00105).

24



