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val of prebiotic metallopeptides in
the presence of ultraviolet light†

Daniele Rossetto, ‡ab Serge Nader, b Corinna L. Kufner, §c Gabriella G. Lozano,c

Linda Cerofolini, d Marco Fragai, d Vlad Martin-Diaconescu, e

Barbara Zambelli, f Stefano Ciurli, f Graziano Guella, g Rafał Szabla, hi

Dimitar D. Sasselov c and Sheref S. Mansy *ab

The transition from unregulated, prebiotic chemistry to metabolic-like systems capable of supporting an

evolving protocell has remained difficult to explain. One hypothesis is that early catalysts began to prune

the chemical landscape in a manner that facilitated the emergence of modern-day enzymes. As

enzymes frequently rely on the intrinsic reactivity of metal ions, it follows that these early catalysts may

have been metal ions coordinated to prebiotic peptides that have remained as core structures within

extant proteins. Here, we demonstrate that UV light directly selects for the types of metal-binding

peptide motifs found in biology. This is because bare cysteine is much more susceptible to photolysis

than cysteine bound by a metal ion. Therefore, peptides with greater affinity for environmentally available

metal ions, such as Fe2+ or Zn2+, are more stable. Our results are supported by mass spectrometry,

calorimetry, X-ray absorption, NMR spectroscopy, transient absorption pump probe spectroscopy, and

excited-state quantum-chemical calculations. Photostability arises from the ability of the metal ion to

engage transiently generated reactive radical centers in a manner that prevents subsequent degradative

processes. The data are consistent with the enrichment of a restricted set of high affinity, extant-like

metallopeptides in surficial environments on the early Earth.
Introduction

Life as we know it is entirely reliant on metal ions, e.g. nucleic
acids and proteins require metals for folding, and central
metabolism cannot operate without metal ions. Due to the high
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abundance of metals on Earth, metals are thought to have
shaped prebiotic chemistry in a form that resembles extant
metabolism.1 Metal ions have been shown to facilitate the
synthesis of a suite of metabolic end-products by incubation
with metabolites, oen at high temperatures.2,3 However, these
reactions largely run unregulated, seemingly at odds with
strategies employed by living cells where activation energies are
traversed by (metallo)enzymes to impart control. One approach
to understanding how such enzymes emerged is to investigate
the types of scaffolds that could have coordinated to, and
modied the activity of, naturally present metal-based catalysts.
Small, catalytically active metallopeptides likely preceded the
large protein enzymes found today,4 and these metallopeptides
would have emerged as a result of the selective pressures of the
early Earth.

Although we are far from understanding the precise envi-
ronmental conditions necessary for the emergence of life,5 the
most thoroughly experimentally investigated prebiotic setting
thus far is the surface of the early Earth. Such conditions are
compatible with the synthesis of all the major building blocks
of life.6–12 One unique feature of surface conditions is exposure
to ultraviolet (UV) radiation. Sunlight is one of the most abun-
dant energy sources on Earth.11 Just as sunlight drives extant
biology, the energy from the young sun could have fueled the
prebiotic synthesis of the building blocks of life.13,14 For
© 2025 The Author(s). Published by the Royal Society of Chemistry
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example, photochemistry has been implicated in the prebiotic
synthesis of amino acids, nucleosides, carbohydrates, iron–
sulfur clusters, and biopolymers.13,15–17 UV light also provided
a strong selective pressure, which may have ensured the emer-
gence of photostable biological nucleotides over their non-
photostable, non-biological counterparts.18–22 Prior to the
formation of the ozone layer, wavelengths as low as 210 nm
could have reached the surface of the early Earth.23 Additional
UV shielding could have been provided in water rich in SO2,23

Fe(CN)6
4−,24 or other small molecules.25 Despite such shielding

effects, the ux of photons was sufficient to impact the chem-
istry of the early Earth.26

Previous work from the Jensen and Thøgersen groups
demonstrates that free amino acids decarboxylate upon
absorption at 200 nm, while peptides consisting of glycine and
alanine are much more resilient to photolysis.27,28 Here, we
investigate the potential impact of photochemistry on a peptide
containing a prebiotically plausible cysteine (Cys) residue.29,30

Cys possesses a nucleophilic thiol group that can participate in
catalysis and serves as a binding site for both structural and
catalytic metal ions.31 These features make Cys-containing
peptides ideal for forming functional complexes from few
ingredients. One potential complication is that the side chain of
Cys is more labile than that of other amino acids, degrading at
high temperatures32 and upon irradiation with UV light.33 This
lability can be useful, as the released hydrosulde can be
incorporated into forming iron–sulfur clusters.33,34 However,
prolonged exposure to UV light, for example, would have
degraded all the available Cys unless a protection mechanism
existed. We nd that the binding of metal ions to cysteinyl
peptides strongly protects against photolysis. Importantly,
mixtures of low affinity and high affinity metal-binding peptides
lead to the enrichment of peptides with high affinity for metal
ions. The data suggest that the metal-binding motifs found in
biology today, such as iron–sulfur clusters and zinc-binding
motifs, would have been preferentially stabilized on the prebi-
otic Earth, perhaps aiding the emergence of (proto)biological
function.4,35

Results and discussion
Thiophilic metal ions protect Cys from photolysis

LC-MS was used to quantify the survival of the tripeptide GCG
(glycine–cysteine–glycine) upon irradiation with 50 mW cm−2

UV light at 254 nm under anoxic conditions. The intensity of
this light source was approximately 4000-fold greater than the
solar irradiation on the surface of the early Earth (4.2 mW
cm−2).36 The main degradation product of GCG was GAG
(glycine–alanine–glycine) ([M + H]+= 204.0m/z), consistent with
our past work showing photochemical desulfurization (Fig. S1
and S2†).33 Oxidized GCG ([M + H]+ = 469.0 m/z) was also
observed, although it was unclear whether oxidized GCG
formed during anoxic irradiation or during subsequent LC-MS
analysis, which was not performed under anoxic conditions.
The half-life (t1/2) of GCG in the absence of metal ions was 3.8 ±

0.5 min in the presence of UV light (Fig. 1). Thiophilic metal
ions protected against desulfurization with t1/2 increasing $6-
© 2025 The Author(s). Published by the Royal Society of Chemistry
fold to 24.1 ± 4.3 min and 36.0 ± 10.6 min in the presence of
5 mM Zn2+ and Cd2+, respectively (Fig. 1A). The increased
protection afforded by Cd2+ with respect to Zn2+ was consistent
with the increased thiophilicity of Cd2+. To conrm that
protection was due to the binding of the cysteinyl side chain, we
investigated the impact of the addition of the non-thiophilic
metal ion Mg2+ on stability. The t1/2 of GCG in the presence of
5 mM Mg2+ was 3.8 ± 0.4 min, identical to the reaction in the
absence of Mg2+ (Fig. 1A). As expected, degradation by UV light
proceeded through a different mechanism than thermal
degradation, as Mg2+ protected against the latter32 but not the
former. Quantication of the effect of Fe2+ was complicated by
the fact that Fe2+ can be photooxidized to Fe3+ (ref. 33) and
Fe2+/3+ can engage in electron transfer reactions, including the
formation of oxidized Cys. Nevertheless, the addition of Fe2+ to
GCG provided protection against photolysis with a t1/2 of 6.5 ±

0.6 min (Fig. S3†). The reaction products were more greatly
enriched in oxidized GCG in comparison to reactions with non-
redox active metals or in the absence of metal ions (Fig. S1 and
S4†). As a control, the stability of the non-Cys containing tri-
peptide GAG was tested. Aer 8 min of irradiation at 254 nm,
94.7% of the GAG survived (Fig. S5†), much higher than the
measured 28.3% for GCG. Peptides that contained Cys residues
were more photochemically labile than peptides that lacked
Cys. For the remainder of the experiments, the effects of Zn2+

binding were primarily evaluated instead of Fe2+. Zn2+ is a good
probe for the binding of Fe2+ as naturally occurring Zn2+-
binding sites of proteins are highly similar to rubredoxin-like,
mononuclear iron centers in addition to the binding sites of
[2Fe–2S] and [4Fe–4S] clusters, and Zn2+ binds to these same
sites in vitro.31 Additionally, Zn2+ may have participated in
prebiotic chemistry. Zn2+ was likely prebiotically available35,37

and has been invoked in model prebiotic reactions.12

When considering a prebiotically plausible ux of photons at
254 nm,26 exposure to UV light for 60 min with our setup
translated to approximately 14 months of continuous irradia-
tion. However, survival would have likely been longer on the
early Earth, because diurnal cycles limited exposure to irradia-
tion. When factoring in the average exposure at the equator (ca.
4422 h per year), 60 min of irradiation with our setup corre-
sponded to 4.5 years on the prebiotic Earth. Correcting for this
lower ux of photons, the t1/2 of GCG was approximately 3
months in the absence of metal ions and greater than 21
months in the presence of Zn2+. Since our measurements were
performed using a quartz cuvette with a path length of 10 mm,
the data approximate conditions at the immediate surface of
exposed water and not more submerged regions better pro-
tected from UV light.
Metal-binding motifs outcompete non-metal-binding motifs

Since the binding of Zn2+ protected against photolysis, the
extent of protection would be expected to correlate with binding
affinity. Short, prebiotically plausible sequences of peptides
show differences in affinities for metal ions, including Zn2+ (ref.
38) and two properly placed Cys bind thiophilic metal ions with
signicantly greater affinity than peptides possessing a single
Chem. Sci., 2025, 16, 11246–11254 | 11247
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Fig. 1 Metal binding protects against UV light and enables the selection of high-affinity peptides. (A) Degradation of GCG upon irradiation at
254 nm. Solutions of 5 mMGCG at pH 8.7 with or without 5mM Zn2+, Cd2+, or Mg2+ were irradiated for 60min. Quantification was performed by
peak integration of HPLC chromatograms. Data were fit to a one-phase decay model. Data are mean ± SD; n = 3. (B) Peptide survival in the
presence of 1.5 mM Zn2+ vs. Kd of the peptide–Zn2+ complex. (C) Competition between Hook14 and GCG upon UV irradiation in the presence of
Zn2+. (D) Competition between Hook14 and GCG in the presence of Fe2+ and UV light. Solution conditions for competition experiments were
1.25 mM Zn2+ or Fe2+, 5 mM GCG, and 2.5 mM Hook14 at pH 8.7. Irradiation was performed for 16 min at 254 nm. Data are mean ± SD; n = 3.
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Cys.39 We, therefore, synthesized and evaluated three different
peptides containing two Cys residues. One was the hexapeptide
GCGGCG, which represented a simple duplication of the GCG
peptide sequence used above. Another was the Hook14 peptide
(AKGKCPVCGAELTD), which was previously demonstrated to
bind Zn2+ with high affinity.40 Finally, a truncated version of
Hook14, referred to here as Hook6 (KCPVCG), was designed to
possess weaker affinity for Zn2+ by removing conformationally
stabilizing interactions (Fig S7†). An experimental assessment
of the conformational stability of Hook6 and Hook14 in the
presence of Zn2+ was obtained by NMR spectroscopy. Analysis of
the spectra conrmed that Hook14 possessed a signicantly
more rigid fold, giving rise to long-range NOEs, whereas Hook6
assumed multiple conformations consistent with a more
dynamic, lower affinity Zn2+–peptide complex (Fig. S8–S12†).

The displacement of bound Co2+ by UV-Vis absorption
spectroscopy was used to determine the dissociation constant
(Kd) of Zn

2+, which was found to be 41 ± 15, 18 ± 8, and 5.5 ± 4
mM for GCG, GCGGCG, and Hook6, respectively (Fig. S13†). The
11248 | Chem. Sci., 2025, 16, 11246–11254
Kd for Hook14 was previously reported as 3.5 nM.40 Therefore,
these four peptides spanned a four orders of magnitude range
of affinities for Zn2+ and thus allowed us to probe whether
affinity for Zn2+ impacted protection against photolysis.
Increased affinity led to increased protection from photolysis
with 84.6 ± 9.3% of Hook14 surviving exposure to UV light for
16 min in the presence of Zn2+ in comparison to 12.7± 4.9% for
GCG (Fig. 1B).

Since peptides with higher affinity for Zn2+ were protected
more efficiently than peptides with lower affinity, we next tested
whether mixtures of peptides would lead to selection of high
affinity metal-binding motifs. When 5 mM GCG and 2.5 mM
Hook6 (both at 5 mMCys concentration) were co-incubated with
1.25 mM Zn2+ and irradiated with 254 nm light for 16 min, 46.7
± 6.1% of Hook6 survived and only 15.7± 3.0% of GCG survived
(Fig. S14†). That is, approximately three-fold more of the
peptide with higher affinity for Zn2+ survived in comparison to
the peptide with lower affinity for Zn2+ when both were present
in the same solution. Selection was even more dramatic when
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ITC of Zn2+ binding to GCG. Heat response (A) and integrated
heat data as a function of themolar ratio of Zn2+/GCG (B) for injections
of 2 mM ZnSO4 into 300 mM GCG. The continuous red line represents
the best fit obtained with a single set of sites model and the “ligand in
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a solution of Hook14 and GCG was irradiated with UV light in
the presence of Zn2+. In this case, 84.6 ± 4.2% of Hook14
survived aer 16 min of irradiation in comparison to 12.7 ±

2.2% of GCG (Fig. 1C). The survival of GCG was similar to
experiments in the absence of Zn2+ (8.52 ± 2.6%), consistent
with Hook14 sequestering all the available Zn2+. To corroborate
this interpretation, a simulation experiment was performed
using AFFINImeter soware41 and the experimentally deter-
mined dissociation constants. In this simulation, Hook14 was
titrated into a solution with (Fig. S17†) and without (Fig. S18†)
GCG. The simulation assumed a bidentate coordination for
Hook14 and the formation of a 1 : 4 complex for Zn2+–GCG, as
experimentally observed at these concentrations (vide infra).
The calculated species distribution at this condition indicated
that almost all the Zn2+ bound to Hook14, either in a 1 : 1 or a 1 :
2 stoichiometry, with essentially no effect of GCG on the equi-
librium (Fig. S17 and S18†).

To conrm that the presence of Fe2+ would similarly select
for a high affinity metal-binding motif, we repeated the
competition experiment in the presence of 1.25 mM Fe2+

(Fig. 1D). Also in this case, the survival of the Hook14 peptide
was higher than that of GCG, with 75.3 ± 1.2% of Hook14
surviving aer 16 min of irradiation compared to 39.6± 3.6% of
GCG. The data demonstrated that mixtures of small peptides
led to the selection of metal-binding motifs with the highest
affinity when exposed to UV light.
the cell” option.
Peptides are incompletely bound by Zn2+

To gain greater insight into the mechanism of degradation, we
used isothermal titration calorimetry (ITC) to further charac-
terize the binding of Zn2+ to GCG. Zn2+ was titrated into
a solution containing GCG over three different concentration
ranges. The binding reactions were exothermic for all sampled
conditions (Fig. S15†) with a small endothermic signal observed
as part of the heat of dilution of metal in the control experi-
ments (Fig. S16†). Integration and tting revealed a 1 : 1 GCG :
Zn2+ binding stoichiometry at lower concentrations (75 mMGCG
titrated with 0.75 mM ZnSO4 and 150 mM GCG titrated with
1.0 mM ZnSO4) and a 4 : 1 GCG : Zn2+ binding stoichiometry at
higher concentrations (300 mM GCG titrated with 2.0 mM
ZnSO4). Consistent with an increased number of peptides
bound to the metal center, the enthalpic contribution to
binding increased from 0.378 kcal mol−1 at the lowest
concentration to 2.075 kcal mol−1 at the highest concentration,
indicating an increased bonding character of the interaction
(Fig. 2, S15 and Table S2†) and a concomitant decrease of the
entropy factor with the concentration. As expected from
increased steric interference, the value of Kd increased from 60–
80 mM at lower concentrations of peptide to 700 mM for 300 mM
GCG (Table S2†).

To conrm the difficulty in forming tetrathiolate complexes
with Zn2+, X-ray absorption spectroscopy was used to assess the
ligand environment. An increase in sulfur coordination in 5mM
Zn2+ solutions was observed when the concentration of GCG
was increased from 5 mM to 10 mM and then to 20 mM, as
would be expected for complexes with a greater number of
© 2025 The Author(s). Published by the Royal Society of Chemistry
coordinated peptides per metal center. The 20 mM GCG sample
produced a Zn K-edge XAS (X-ray Absorption Spectroscopy)
spectrum consistent with a tetrahedral, tetrathiolate coordi-
nated Zn2+ center (Fig. 3). The rising edge of the XANES region
shied to higher energy with a concomitant increase in the
intensity of the white line with higher concentrations of GCG.
Such behavior is indicative of a change in the coordination
environment, due to replacement of S coordination by N/O
atoms (increase in rising edge energy and intensity) as well as
an increase in the coordination number (increase in inten-
sity).42,43 Indeed, EXAFS results revealed that the total coordi-
nation number increased with decreased thiol concentration
consistent with observations from the XANES region. More
specically, at 20 mM GCG, 4S scattering atoms were observed
at 2.31 Å. At 10 mM GCG, ∼2.3N/O scattering atoms were
observed at 2.05 Å accompanying 2.8S atoms at 2.31 Å. At 5 mM
GCG, 3.1N/O atoms and 2.4S atoms were observed at 2.0 Å and
2.31 Å, respectively, completing the rst coordination shell of
the Zn center (Fig. S1†).

The measured sub-millimolar affinity values indicated that
under the experimental conditions of the photolysis experi-
ments, a heterogeneous distribution of Zn2+–tripeptide
complexes formed, with a signicant fraction of non-metalated
species. To determine the distribution of species in solution
under the experimental conditions of the photolysis experi-
ments, simulations of ITC binding isotherms were performed
using AFFINImeter soware,41 as described above, and the
thermodynamic parameters obtained from the ts (Table S2†).
Chem. Sci., 2025, 16, 11246–11254 | 11249
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Fig. 3 XAS analysis of aqueous solutions of 5 mM Zn2+ with 5 mM, 10 mM, and 20 mM GCG compared to references ZnO and ZnS. (A) XANES
rising edge spectra and (B) k2-weighted Fourier transformed spectra (3–12 Å−1 k-range; Hanning window) highlighting the contributions from
Zn–N/O and Zn–S scattering atoms. (C) Cauchy wavelet transforms showing the k-space and r-space dependence of Zn–N/O and Zn–S
scattering alongside reference spectra of ZnO and ZnS. The colors used for each species are the same in each panel.
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This procedure allowed us to calculate the concentration of free
GCG, as well as that of Zn2+ coordinated by one, two, three, and
four GCG (Fig. 4). The model indicated that even at a ve-fold
molar excess of Zn2+, ca. 40% of GCG remained uncomplexed at
equilibrium. The simulation supported the conclusion that low
affinity complexes at basic pH were incapable of protection
against photolysis, since a signicant fraction of the peptide
Fig. 4 Concentration distribution of the different species present in
solution during the titration of 5mMGCGwith Zn2+. At 5 mMGCG and
5 mM Zn2+, the calculated concentrations were 2.6 mM free GCG,
1.1 mM Zn–(GCG), 0.7 mM Zn–2(GCG), 0.4 mM Zn–3(GCG), and
0.2 mM Zn–4(GCG).

11250 | Chem. Sci., 2025, 16, 11246–11254
remained free and thus unprotected. These low affinity cysteinyl
peptides would have then served as a source of hydrosulde,
potentially supporting the synthesis of iron–sulfur clusters.33

Protonation protects against photolysis

The data were consistent with the coordinate covalent bond
between Zn2+ and the thiolate side chain of Cys providing
protection against photolysis. As the reactions were at pH 8.7, free
Cys side chains were deprotonated. To determine if the formation
of a covalent bond to hydrogen, i.e. protonation of the side chain,
could similarly protect against photolysis, the stability of GCG at
different pH was evaluated. There was a strong correlation
between pH and stability (r = −0.95), with protonation at lower
pH protecting against desulfurization (Fig. 5). Although the
presence of Zn2+ facilitated deprotonation by shiing the pKa of
the cysteinyl side chain from 8.1 to 6.4 (Fig. S6†), GCG was stable
across a broad range of pH in the presence of Zn2+ since both
protonation and Zn2+-binding protected the side chain from
degradation. That is, at low pH where Zn2+ binding was dis-
favored, the cysteine residue was protected by protonation.
Conversely, at high pH where protonation was disfavored, the
thiolate side chain was protected by the binding of Zn2+.

Bound Zn2+ diminishes the reactivity of the excited state

UV absorption measurements were made to gain insight into
the electronic structure of the ground and excited states. To
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Survival of GCG in the presence of UV light at different pH with
and without Zn2+. 5 mM GCG in 20 mM GG after exposure to light at
254 nm for 16 min in the absence (gray circles) and presence (red
triangles) of 5 mM Zn2+.

Fig. 6 UV-Vis and transient absorption spectra of the Cys analogue.
(A) UV-Vis absorption spectra of 20 mM N-acetyl-L-cysteine methyl
ester in water at 23 °C and pH 6.3 (blue line) and pH 8.7 (dark grey). The
yellow line highlights the 255 nm excitation wavelength used in pump
probe experiments. Absorbance above∼1.2 (grey shaded area) may be
less accurate due to the nonlinearity of UV-Vis detection at low
photon flux. (B) 3D contour representation of the transient absorbance
difference signal ofN-acetyl-L-cysteinemethyl ester after excitation at
255 nm. Spectra are shown on the x-axis. The delay time between
pump and probe pulses is shown on a logarithmic scale on the y-axis
(time resolution ∼1.5 ps), and the absorbance difference (DA) due to
photoexcitation is color-coded and represented on the z-axis.
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simplify the system, N-acetyl-L-cysteine methyl ester was used in
place of the tripeptide GCG. The primary absorption band (lmax

∼ 232 nm) of N-acetyl-L-cysteine methyl ester at pH 8.7 origi-
nated from the thiolate group (Fig. 6A). This absorption band
suggested that the photodegradation of the peptide by UV light
was initiated by the promotion of an electron from the thiolate
to an unoccupied molecular orbital, possibly located on the
amide (e.g. a p*-molecular orbital). Such an interpretation was
supported by the fact that the band was almost fully suppressed
at pH 6.3 (Fig. 6A), a pH where the thiolate groups were almost
completely protonated. Similarly, the addition of Zn2+ also led
to the suppression of the same band (Fig. S19†), meaning that
the excitation of this electron by UV light was less likely when
the thiolate was either protonated or coordinated to Zn2+. While
the suppression of this band likely contributed to the dimin-
ished photodegradation observed under these conditions, the
absorption feature at 254 nm remained signicant and war-
ranted further investigation.

To study the ultrashort-lived intermediates aer photoexci-
tation, we next performed transient absorption (TA) pump
probe measurements of N-acetyl-L-cysteine methyl ester at pH
8.7 (Fig. 6B). The transient absorption spectra showed a broad
excited-state absorption band in the entire probe range between
450 nm and 700 nm. Control measurements in neat water
showed a background signal caused by solvated electrons #0.1
mOD (optical density). The transient absorption spectra were
consistent with the initial hypothesis of short-range photoin-
duced electron transfer from the thiolate group to another
moiety, thus generating a loosely bound excited-state radical
anion. Triexponential global tting analysis revealed excited
state lifetimes of 4 ps, 70 ps, and >7 ns. The >7 ns decay indi-
cated that some portion of the photoexcited molecule could be
involved in destructive bimolecular reactions aer photoexci-
tation, such as the formation of disulde bonds. Consequently,
we concluded that the photoprotection of the thiolate-
containing molecule was most efficient when the photoin-
duced electron transfer event from the thiolate group was sup-
pressed by protonation or coordination to Zn2+.
© 2025 The Author(s). Published by the Royal Society of Chemistry
We next performed excited-state quantum-chemical calcu-
lations to better understand the photochemistry of Zn2+–

peptide complexes in comparison to free, thiolate-containing
peptides. For this purpose, we applied the algebraic diagram-
matic construction to the second order method [ADC(2)]
together with a triple zeta TZVP basis set and the COSMO
continuum solvation model of bulk water.44–46 We considered
a minimal model of a single GCG peptide that could bind Zn2+

with negatively charged thiolate and carboxylate groups. Addi-
tionally, we added two to three water molecules to complete the
coordination sphere of the metal ion. Zn2+ was found to adopt
either a tetrahedral or a trigonal bipyramidal coordination
sphere in the electronic ground state (Fig. 7), as observed with
previously reported structures of Zn2+ bound to biological
Chem. Sci., 2025, 16, 11246–11254 | 11251
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Fig. 7 Potential energy profile of the photorelaxation mechanism of
the GCG peptide coordinating Zn2+. The left side of the plot presents
a linear interpolation in internal coordinates (LIIC) between the ground
state structure of the Zn2+–peptide complex and the minimum-
energy structure in the S1 state. The right side of the plot shows
a relaxed scan along the C]O/H distance associated with the proton
transfer process from one of the water molecules coordinating the
Zn2+ to the negatively charged carbonyl group. The excited-state and
ground-state energies were calculated with the ADC(2) and MP2
methods, respectively, including the TZVP basis set.
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molecules.47 The number of ligands to the metal center was also
consistent with the X-ray absorption and ITC data.

The lowest energy excited singlet states found for the peptide
both in the presence and absence of Zn2+ possessed a charge
transfer character involving electron transfer from the thiolate
anion to the p* orbitals of the carbonyl amide groups of the
peptide with a major contribution from the N-terminal glycine
and a minor contribution from the cysteine, consistent with the
UV absorption measurements above (see Tables S3 and S4†).
Therefore, the electronic excitation of the peptide resulted in
the generation of a radical on the sulfur atom and a radical
anion on one of the carbonyl carbon atoms of the peptide.
However, as can be seen for the structure corresponding to the
minimum of the S1 state, Zn

2+ interfered with the reactivity of
the sulfur radical by engaging the electron in a strong Zn–S
interaction. Additionally, the Zn2+ cation underwent a barrier-
less reorganization to an octahedral coordination sphere in the
excited state by accepting a strong ligand–metal interaction
with the negatively charged radical anion of the carbonyl carbon
as a consequence of the charge transfer character of the excited
state (Fig. 7). This excited-state structure could then undergo
proton transfer to the oxygen atom of the negatively charged
carbonyl group from the nearest water molecule coordinated to
the Zn2+ cation. This process occurred on a at and nearly
barrierless topography of the S1 potential energy surface and
eventually led to an S1/S0 conical intersection, which enabled
photorelaxation to the electronic ground (S0) state. The Zn2+

cation effectively coordinated the transiently created hydroxyl
anion. The observed photostabilizing effect could be com-
plemented by back electron transfer from the transiently
hydrogenated carbonyl group to re-create the thiolate anion and
back proton transfer to the aforementioned hydroxyl anion.
11252 | Chem. Sci., 2025, 16, 11246–11254
In the absence of Zn2+, the observed charge transfer excita-
tion present in the free peptide could still result in the transient
hydrogenation of the carbonyl group. However, in this case the
biradical structure of the excited peptide would not be protected
from chemical reactions with other molecules. Such a scenario
would likely lead to intermolecular radical recombination
between two photoexcited peptides yielding a disulde bond, as
observed in our experiments (Fig. S1†). Alternatively, the C–S
bond could undergo dissociation yielding atomic sulfur and
a carbon-centered radical. The latter species would subse-
quently accept the excess hydrogen atom from the hydroge-
nated carbonyl group, resulting in the formation of alanine, as
we observed by LC-MS. Binding of a single Zn2+ engages these
reactive radical centers on the sulfur and carbonyl carbon atoms
in strong interactions and, consequently, protects the peptide
from such deleterious radical recombination events.
Conclusions

Free metal ions are capable of engaging in degradative chem-
istry that would have interfered with the functioning of a pro-
tocell reliant on RNA and lipids. In fact, the catalytic hydrolysis
of RNA and the instability of fatty acid vesicles are both medi-
ated by metal ions. Therefore, peptides that sequestered metals
from the environment would have been advantageous to early,
more labile protocellular systems by removing a ubiquitous
hazard. Such peptides could have emerged in regions exposed
to UV light, because high affinity peptides are more photostable
than their low affinity counterparts, as we show here. Colocal-
ization of lipids and peptides may have been aided by the
latter's ability to promote the polymerization of amino acids
during wet–dry cycling.48,49 Since extant metal-binding motifs of
proteins possess the intrinsic ability to bind metal ions in the
absence of more complex scaffolding,50 the early Earth may have
contained a pool of peptides enriched in sequences found in
modern-day protein enzymes. This also suggests that peptides
could have been important before genetically encoded
synthesis, because UV light would have selected for decreased
diversity and increased affinity for metal ions. That is, few high
affinity metal-binding peptides may have been consistently
present for protocells to exploit.51 Such an out-of-equilibrium
system would require a constant ux of energy, provided by
the sun, and the simultaneous synthesis and degradation of
peptides.

The transition from low to highly active peptides requires
folding into tertiary structures. In the absence of strongly
coordinated metal ions, peptides typically require a length of 30
residues to reach sufficient stability to be associated with
a discrete three-dimensional fold.52 Conversely, the binding of
a metal ion can lock in one of several potential folds, providing
rigid tertiary structures with much fewer residues. In biology,
zinc proteins are among the smallest andmost common protein
motifs, functioning as individual proteins or as interconnected
modules within larger protein folds.53–55 For example, the
smallest tertiary protein structure found in nature contains
a bba fold that binds Zn2+.56,57
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The ubiquity, size, and remarkable stability of zinc peptides
have been used to argue that zinc proteins may be among the
most ancient modules found in proteins.31 If proteins emerged
from the accretion of smaller available peptides,58 then it seems
likely that early proteins were enriched in sequences that
survived the harsh, UV exposed conditions of the early Earth,
such as metal-binding motifs. These early peptides and result-
ing proteins may have also been predisposed to catalysis, since
it is difficult to form complexes that fully coordinate the metal
center with peptidyl ligands. Structural and catalytic metal ions
are typically distinguished by complete coordination and partial
coordination, respectively, to peptides. The open position,
typically lled by displaceable water, then functions as
a substrate-binding site. Zinc proteins similar to the motifs we
have used here have been observed in oxidoreductases, hydro-
lases, transferases, and helicases.59 Further, zinc-bindingmotifs
are capable of binding other metal ions in place of Zn2+,
including Fe2+ and iron–sulfur clusters,31 thereby increasing the
catalytic possibilities and likelihood of metallopeptides on the
early Earth. The discovery that high affinity metal-binding
peptides would have outcompeted low affinity alternatives
suggests that the metal-binding motifs found in extant proteins
may have an ancient, prebiotic origin and may have facilitated
the emergence of the catalytic, regulatory mechanisms that are
the hallmarks of metabolism.60

Data availability

Data associated with this manuscript can be downloaded from
Zenodo at [https://doi.org/10.5281/zenodo.15288133].

Author contributions

Conceptualization: DR and SSM. Investigation: DR, SN, CLK,
GGL, VM-D, BZ, RS, and LC. Supervision: MF, SC, GG, DDS, and
SSM. Writing – original dra: DR, SSM. Writing – review &
editing: all authors.

Conflicts of interest

All authors declare they have no competing interests.

Acknowledgements

X-ray absorption experiments were performed at the CLAESS
beamline of the ALBA Synchrotron facility with the collabora-
tion of ALBA staff as part of experiment 2019093816. We
acknowledge the support of the Protein Technology and the
Proteomics and Mass Spectrometry (MS) core facilities of
Department CIBIO at the University of Trento. SSM acknowl-
edges support from the Simons Foundation (290358FY19), the
Alfred P. Sloan Foundation (G-2022-19518), and the Gordon and
Betty Moore Foundation (11479). MF acknowledges support
from “Potentiating the Italian Capacity for Structural Biology
Services in Instruct Eric (ITACA.SB),” project no. IR0000009.
This article has been produced with the nancial support of the
European Union under the LERCO project number CZ.10.03.01/
© 2025 The Author(s). Published by the Royal Society of Chemistry
00/22_003/0000003 via the Operational Programme Just Tran-
sition (RS). Computational resources granted by the Wrocław
Centre for Networking and Supercomputing (WCSS) under the
grant no. 549 are also gratefully acknowledged (RS). SC and BZ
acknowledge the support of Consorzio Interuniversitario di
Risonanze Magnetiche di Metallo-Proteine (CIRMMP) and the
University of Bologna. DDS acknowledges support from the
Simons Foundation (290360).
References

1 S. D. Copley, E. Smith and H. J. Morowitz, Bioorg. Chem.,
2007, 35, 430–443.

2 K. B. Muchowska, S. J. Varma and J. Moran, Nature, 2019,
569, 104–107.

3 M. A. Keller, A. V. Turchyn and M. Ralser, Mol. Syst. Biol.,
2014, 10, 725.

4 C. Bono, E. Godino, M. Corsini, F. Fabrizi de Biani,
G. Guella and S. S. Mansy, Nat. Catal., 2018, 1, 616–623.

5 C. R. Walton, P. Rimmer and O. Shorttle, Front. Earth Sci.,
2022, 10, 1011717.

6 B. H. Patel, C. Percivalle, D. J. Ritson, C. D. Duffy and
J. D. Sutherland, Nat. Chem., 2015, 7, 301–307.

7 H.-J. Kim and S. A. Benner, Proc. Natl. Acad. Sci. U. S. A., 2017,
114, 11315–11320.

8 Z. R. Cohen, B. L. Kessenich, A. Hazra, J. Nguyen,
R. S. Johnson, M. J. MacCoss, G. Lalic, R. A. Black and
S. L. Keller, ChemBioChem, 2022, 23, e202100614.

9 J. D. Toner and D. C. Catling, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 883–888.

10 B. M. Tutolo, R. Perrin, R. Lauer, S. Bossaer, N. J. Tosca,
A. Hutchings, S. Sevgen, M. Nightingale, D. Ilg, E. B. Mott
and T. Wilson, Life, 2024, 14, 1624.

11 D. Deamer and A. L. Weber, Cold Spring Harb. Perspect. Biol.,
2010, 2, a004929.

12 S. Becker, J. Feldmann, S. Wiedemann, H. Okamura,
C. Schneider, K. Iwan, A. Crisp, M. Rossa, T. Amatov and
T. Carell, Science, 2019, 366, 76–82.

13 N. J. Green, J. Xu and J. D. Sutherland, J. Am. Chem. Soc.,
2021, 143, 7219–7236.

14 R. Szabla, in Prebiotic Photochemistry: From Urey–Miller-like
Experiments to Recent Findings, ed. F. Saija and G. Cassone,
The Royal Society of Chemistry, 2021, pp. 79–106.

15 R. J. Rapf and V. Vaida, Phys. Chem. Chem. Phys., 2016, 18,
20067–20084.

16 J. Xu, V. Chmela, N. J. Green, D. A. Russell, M. J. Janicki,
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