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Origins of life and molecular information: selectivity in mineral sur-
face induced prebiotic amino acids polymerization

Lise Bedoin, Sandra Alves*, Jean-Frangois Lambert*

Amino acids, peptides, origins of life, information, mass spectrometry, FT-ICR.

ABSTRACT: In current living matter, biopolymers follow specific sequences that give them special properties, such as the
sequence of amino acids in proteins and peptides. A major challenge for the elucidation of the origins of life lies in under-
standing how e.g. non-random polypeptides have been selected among all the possible ones. While many investigations
established plausible prebiotic polymerization pathways, surprisingly, only a few attempted to study the selectivity of these
processes. We studied a mineral surface polymerization scenario based on moderate thermal activation of leucine + glu-
tamic acid mixtures on silica. Oligopeptides up to octamers were quantitatively formed in a “clean” prebiotic reaction and
analyzed by high-resolution mass spectrometry, using FT-ICR spectrometry for unambiguous molecular assignments. Non-
trivial oligomerization selectivities are evidenced in both stoichiometric compositions and AA sequence, while comparable
selectivities are not observed in other polymerization scenarios. They must therefore be due to specific catalytic reaction
pathways occurring on the SiO2 surface. A statistical measure of information contained in oligopeptide distributions is
proposed. It could be used to follow the evolution of potentially meaningful complexity in biopolymers from the mineral
to the biochemical world.

1- Introduction makes AA polymerization more favorable according to
basic thermodynamic principles. Indeed, simple drying of
aqueous solutions with moderate temperature activation
has been shown to induce the formation of potentially use-
ful peptides when applied to pure amino acids or mixtures
of them.>"* However, in realistic geochemical settings, it is
likely that drying would have occurred in the presence of
minerals rather than in a bulk phase. Around 1950, Bernal®
had already proposed the implication of mineral surfaces,
presumably present on the primitive Earth, in AA polymer-
ization. In addition to theoretical discussions,» experi-
mental evidence of amino acid oligomerization on differ-
ent surfaces was presented by many investigators,'4'51617:18
including our previous works on high-surface fumed sil-
ica.19202v22 In the latter case, in addition to its thermody-
namic effect on the polymerization reaction by providing a
drying platform, the silica surface also has a kinetic effect
as it helps AA condensation by mild acid catalysis, allowing
the reaction to proceed at lower temperatures than in the

The study of the origins of life on the primitive Earth is
a complex puzzle, involving several successive steps of
matter organization. The emergence of simple biomole-
cules has been demonstrated over 60 years ago, when the
famous Miller experiments!, recently reanalyzed,> showed
that amino acids (AAs) could emerge through non-biolog-
ical chemical reactions. Alternatively, amino-acid blocks
could also have been synthesized in interplanetary space
and brought to Earth by meteorites3. The next step in the
emergence of biochemistry-like complexity would have
been their polymerization into oligopeptides, small-scale
versions of proteins that can exhibit chemical functions,
such as enzyme-like catalysis or self-replication,+5¢ even
for relatively small sized oligomers.” Amino acid polymeri-
zation involves a condensation reaction between the
amino and carboxylic groups of two AAs, forming a peptide
bond. This reaction is endergonic, and thus disfavored in

. ) ) bulk.*
water solution. Several alternative scenarios have been o )
proposed for peptide bond formation in primitive Earth Thus, surface AA polymerization is well established, but
conditions, including the use of plausible sacrificial activa- str.angely er¥ough some key questions relevant to th? preb¥—
tors, allowing polymerization through N-carboxyanhy- otic potential of this scenario have hardly been investi-
drides chemistry.® The simplest scenarios, however, in- gated. Among them is the question of selectivity. Most of
volve drying steps: removal of water, a reaction product surface polymerization studies concern single amino acids.



Not only is this situation unlikely to have happened in re-
alistic settings where amino acid synthesis pathways gen-
erally produce a mixture of several species; even more im-
portantly, if the next step is to be the development of func-
tion in oligopeptides, then their amino acid sequences are
crucial in conferring on them whatever special properties
they may have. In extant organisms, protein sequences are
precisely coded in the genetic blueprint, with little toler-
ance for substitution. Even though there may have been a
somewhat higher tolerance for variation in primitive func-
tional oligopeptides, the probability of forming the “right”
sequence in a random polymerization falls to astronomi-
cally low values very quickly when the oligomer length in-
creases. As a consequence, the expected concentration of
functional peptides would be very low, compromising the
possibility of starting any “interesting” chemistry.

In the literature, the issues of polymerization selectivity
in prebiotic oligopeptide synthesis and of the existence of
non-random peptide sequences were only addressed in a
few cases (somewhat more developed reflections are avail-
able for nucleotides polymerization®). In early studies, a
non-random peptide oligomerization has been postulated
under thermal activation of a mixed Glu + Asp solid
phase.+?5 Nakashima et al.>® copolymerized a mixture of
glycine, glutamic acid and tyrosine and reported that
among the eight possible tripeptide sequences, two (Py-
roGlu-Tyr-Gly and PyroGlu-Gly-Tyr) were largely predom-
inant. In order to explain these experimental observations,
Hartmann et al.?” proposed a polymerization mechanism
attempting to rationalize di- and tripeptides abundances
in the system. These authors assumed that pyroglutamic
acid reacts with cyclic dimers of the other two AAs (substi-
tuted diketopiperazines or DKPs for short) to specifically
form two tripeptides. Mosqueira et al.?® further elaborated
on these results with a probabilistic model but did not pro-
vide new experimental data. Later on, Bujdak and Rode*
studied surface condensation products from neutral hy-
drophobic amino acid couples. They observed a degree of
polymerization selectivity, as Gly-X sequences were prefer-
entially formed over X-Gly sequences when X = Leu or Val,
whereas the reverse was observed when X = Pro or Ala. The
authors explained such a non-random peptide synthesis by
inductive effects of the amino acid side chains. Thus, while
not absent from the literature and sometimes tantalizing,
studies of AA polymerization selectivity remain few and of-
ten anecdotal. This overview would not be complete with-
out mentioning the recent works by Krishnamurthy et
al3%332 on depsipeptides, the products of co-condensation
of a-hydroxy acids with amino acids on SiO, nanoparticles
surfaces. In these more complicated systems, the authors
established interesting selectivity patterns, including a
preference for proteinaceous over non-proteinaceous
amino acids.

We undertook the present work in order to obtain hard
data on the occurrence or not of selectivity in surface min-
eral-mediated AA polymerization. Non-porous fumed sil-
ica (SiO,) nanoparticles were chosen as the mineral phase
because silica is known to constitute an efficient platform
for simple heating-induced AA condensation. The simplest
possible systems to study selectivity consist in a pair of dif-
ferent amino acids: here a mixture of leucine (Leu or L) and
glutamic acid (Glu or E) was chosen. The choice of these
amino acids was dictated by several considerations. First,
it is quite logical to start with two AAs with different in-
trinsic properties: Glu is hydrophilic and acidic, whereas
Leu is hydrophobic. This has practical consequences on
peptide structuring as alternating Glu-Leu peptides are
known to produce well-defined peptide secondary struc-
tures.3»3+ Second, upon single-step thermal activation,
many amino acids'®'92235 or couples of amino acids,?” will
overwhelmingly produce cyclic dimers (DKPs), which are
not at first sight a significant step forward towards complex
biomolecules. It has been shown by several authors that
cyclic dimers may be “recycled” to longer polymers by us-
ing wetting-and-drying cycles,3%37 and these scenarios are
highly interesting as pathways to complexity. However,
they involve successive treatments that are rather difficult
to analyze and, as a first step towards a mechanistic under-
standing of peptides formation, we focused the present
study on a simple thermal activation procedure.

Obtaining long peptides instead of cyclic dipeptides in-
volves a first level of reaction selectivity. In the literature,
the formation of polypeptides up to 16-mers was observed
on silica, using a vapor phase deposition method,?® but
such a scenario is less relevant for prebiotic chemistry than
adsorption from an aqueous solution. Using the latter
method, Sakhno et al. reported the production of linear ol-
igopeptides up to the hexamers in a single thermal activa-
tion step from two amino acid couples deposed on silica,
i.e. (Glu+Leu, and Asp+Val) pairs, each system involving
one trifunctional AA. However, the products of (Asp+Val)
gave rise to practical difficulties in the analysis procedure
(see Materials and Methods). Finally, in an origin-of-life
perspective, both glutamic acid and leucine are reasonable
choices. Even if they do not belong to the “short list” sin-
gled out in the “GAVD hypothesis”,4># they are part of a
longer list of ten or so amino acids that are synthesized by
prebiotic reactions and/or found in meteorites.+

In the present work, analysis of AA condensation prod-
ucts was performed on desorption solutions using mass
spectrometry (MS). Commonly used in proteomics, MS, in
particular Fourier Transform Ion Cyclotron Resonance
(FT-ICR) spectrometry, appears as the most suitable ana-
lytical technique thanks to its selectivity, sensitivity and
specificity, to characterize mixtures as complex as our con-
densation products. Especially, FT-ICR is an extremely
powerful MS device providing high analytical perfor-
mances in terms of mass resolution, mass measurement ac-
curacy and wide dynamic range.®3 Thus, the present study



also aims to demonstrate the potential of an FT-ICR instru-
ment equipped with the dynamically harmonized cell for a
prebiotic chemistry application. The use of accurate mass
measurements demonstrates the formation of non-ran-
dom oligopeptide sequences.

2- Materials and Methods

The mineral support used for the adsorption of amino
acids was the fumed silica (SiO,) Aerosil 380 provided by
Evonik Industries (Hanau, Germany), with BET surface
area of 380 m?/g. L-Leucine and L-Glutamic acid were pur-
chased from Sigma Aldrich (Steinheim, Germany). The
tripeptides LEL, ELL, ELE, LEE and LLE were synthesized
by the Institut de Biologie Paris Seine (Sorbonne Univer-
sité, Paris) and LLL, EEE and EEL were purchased from
Bachem (Bubendorf, Switzerland).

Single amino acids and/or mixtures of both were depos-
ited on silica from aqueous solutions using the “incipient
wetness impregnation” (IWI) method, derived from the
field of supported catalysts synthesis: the required
amounts of the AAs were dissolved in water and the result-
ing solution was then added to silica in a ratio of 10 mL for
1 g of silica. This resulted in a slurry without a separate lig-
uid phase, which was then dried under air flow at room
temperature overnight. A reference sample was prepared
with 1.25 % Leu and 1.4 % Glu (all loadings are in weight
percent), corresponding to a Leu:Glu molar ratio of 1:1. In
this communication, “Leu+Glu/SiO,”, without further
specification, refers to this reference sample. The reference
loading corresponds to 0.15 Leu and 0.15 Glu molecules per
nm?. This would be about one tenth of a physical mono-
layer based on the sizes of the two amino acids: the amino
acids are then relatively “scarce” on the surface.

Additionally, 2.5 % Leu+ 1.4 % Glu/SiO, and 6.25 % Leu+
1.4 % Glu/SiO,, corresponding to 2:1 and 5:1 Leu:Glu ratios,
and single amino acids 1.25 % Leu/SiO, and 1.4 % Glu/SiO,
samples were also prepared. They will be denoted as
“Leu+Glu/SiO, 21” and “Leu+Glu/SiO, 5:1”.

Thermal activation of the AA(s) / silica systems was car-
ried out in a U-shaped cell under argon flow, placed in a
tubular oven controlled by a temperature programmer. A 1
°C/min ramp was used to reach a final value of 160 °C,
where a plateau was maintained for 30 min. In order to ob-
tain reproducible assays, the linearity of the temperature
ramp must be carefully controlled. The resulting powders
were stored in a dessicator.

The Leu+Glu/SiO, samples were analyzed by different
methods:

Thermogravimetric analyses (TGA) of freshly dried sam-
ples (not thermally activated) were recorded using a TA in-
strument with a STD Q600 analyzer. Analyses were per-
formed with a heating rate of 1 °C/min up to 200 °C, under
a 100 mL/min dry air flow. The use of air rather than Ar (as
in the thermal activation procedure) is common practice

in the TG study of AA/SiOz systems; it has generally been
observed that the reactivity of O2 does not influence the
AA polymerization reactions that are the focus of the pre-
sent study (although O2 definitely influences the decom-
position reactions at higher temperatures).

Infrared spectroscopic characterization was carried out
on a Nicolet Magna-IR 550 spectrometer equipped with a
MCT detector, with nominal 4 cm™ resolution. Self-sup-
porting pellets were prepared by pressing the sample in
powder form under a pressure of 8 tons/cm?. The pellets
were then placed in the FTIR sample compartment under
N, flow. 128 scans were accumulated in the 4000-400 cm™
spectral domain. IR spectra were normalized to the 1870
cm™ silica band. This method was applied both before and
after thermal treatment.

XRD analysis was used to confirm that amino acids are
well dispersed on silica surface: we mostly checked that the
diffractogram only showed the broad diffusion signal due
to amorphous silica, without the sharp peaks that would
indicate the precipitation of bulk amino acids crystals (see
Figure S1a). Diffractograms were recorded on a Bruker D8
diffractometer using the Cu Ka radiation. An amorphous
plastic sample holder was used. The 28 range was set from
10° to 90°, with a number of steps of 3810 and an accumu-
lation time of'1s.

In order to carry out MS analyses, thermally activated
samples were submitted to a desorption procedure. 10 mg
of' the solid samples were dispersed in 1 mL of MilliQ water,
followed by centrifugation during 5 min at 6000 rpm. The
study of three successive desorption steps showed that
there are no significant differences between the composi-
tions of the first and successive desorption solutions, only
a global dilution. The analysis of complex polypeptide mix-
tures can hardly be accomplished in situ in the adsorbed
phase, so that efficient desorption is a necessary require-
ment for quantitative analysis of the reaction products. In
the related system Asp+Val/SiO, system, also studied by
Sakhno et al.? as already mentioned, some of the reaction
products had a very high affinity for the surface and hardly
desorbed at all, so that the composition of the desorption
solution did not faithfully reflect that of the condensation
products. The importance of peptide desorption was un-
derlined, from another point of view, by de Duve and Mil-
ler.

In order to better evidence the specificities of the silica
surface scenario with respect to other AA polymerization
methods, peptide condensation was also performed in so-
lution using a sacrificial activator. More precisely, amide
bond formation was carried out using carbonyldiimidazole
(CDI). 1.5 mM L-Leu, 1.5 mM L-Glu and 10 mM KCI were
dissolved in 10 mL of water. 6 mM carbonyldiimidazole was
then added and the solution was incubated at room tem-
perature for 24 h. The mechanism of CDI-induced
polymerization of amino acids was described by Ehler.#



The products of both silica surface and CDI condensa-
tion scenarios were analyzed by mass spectrometry. Direct
infusion mass spectrometry experiments were performed
in the positive electrospray ionization mode on a QhFT-
ICR 7 T instrument (Solarix*®R, BrukerDaltonics, Germany)
equipped with a dynamically harmonized cell. All mass
spectra were acquired over a mass range of m/z 100-2000.
Each sample was diluted 50 times in 50:50 (v/v) water/ac-
etonitrile (containing 0.1 % v/v of CH;COOH) to reach a
total concentration of approximately 5 pg.mL™" (supposing
that the desorption step is quantitative). A preliminary
study was carried out to determine the optimal sample di-
lution. A dilution factor of 50 allows sufficient peak inten-
sities while avoiding space charge phenomena inside the
trapping device, which may cause mass measurement
shifts.#s The resulting desorption solution was directly in-
fused at a flow rate of 180 pL.min™ into the ESI source. The
following conditions were used: time of flight was set at 1.2
ms, ion accumulation time at 0.2 s, drying gas flow 2 L/min
at 200 °C, nebulizer gas pressure of 1.5 bar. A capillary volt-
age of 4.5 kV was applied. The method was calibrated using
a solution of acetate and sodium formate clusters. MS/MS
experiments were performed using CID activation in the
hexapole collision cell in order to study the fragmentation
patterns of condensation products i.e., synthetized oligo-
peptides. The isolation window of precursor ions was
about 1 m/z unit and the collisional energy was optimized
depending on precursor ion relative intensity (6-12 V).

3- Results

3-1 Evidences of peptide bond formation under thermal
activation

First, direct analysis of solid Leu+Glu/SiO, system was per-
formed using thermogravimetric analysis (TGA) in order to
observe water emission events that may be assigned to
peptide bond formation under thermal activation condi-
tions (Figure Sib in supplementary information). The
TGA traces of Leu+Glu/SiO, systems show two endother-
mic events at 115 °C and 148 °C. As previously demonstrated
in studies of AA/SiO. systems,>>>46 peaks in this range can
be assigned to condensation reaction between amine and
carboxylic acid functions, forming amide bonds and ac-
companied by H.O loss. For most of amino acids, a single
amide condensation event is observed in this region. The
existence of two separate events is typical of systems con-
taining some trifunctional amino acids such as glutamic
acid, since in addition to peptide condensation they can
also give rise to intramolecular condensation with for-
mation of a lactam group;>'3 in the case of glutamic acid,
this leads to the formation of pyroglutamic residues. The
TG results are the basis for our selection of an activation
temperature of 160°C, since the water evolution events are
completed at this temperature.

IR spectroscopy was used to follow peptide bond for-
mation. Figure 1 compares the IR spectra of Leu+Glu/SiO,
system before and after thermal activation, and finally after
the desorption step applied for amino acid and oligomer
extraction prior to MS analysis. The observed bands for the
unactivated samples are in keeping with previously pub-
lished data, assuming the existence on the surface of amino
acids in the form of monomeric zwitterions (with the side
chain COOH of Glu unionized). Band assignments are
given in Table Shi. Changes occur between Leu+Glu/SiO,
IR spectra before and after thermal activation with the ap-
pearance of additional bands. The two bands at 1667 cm™,
assigned to amide I (mostly due to C=0O stretching vibra-
tion), and 1520 cm™ (corresponding to amide II vibration)
reveal peptide bond formation. Moreover, the presence of
the amide II band suggests the formation of linear pep-
tides,? since this band is not apparent in cyclic dipeptides
(DKPs) that are the chief polymerization products in many
AA/SiO, systems.>
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Figure 1. Normalized IR spectra in the 1800-1300 cm™ range of
Leu+Glu/SiO, system (a) before and (b) after thermal activa-
tion, (c) of the remaining solid material after water desorption
and (d) of the raw SiO, support.
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In addition, IR results gives an estimation of the desorp-
tion step efficiency. The integrated intensity of the bands
due to the organic molecules on the surface can indeed be
estimated by subtracting the spectrum of raw silica sup-
port from that of the sample, after proper normalization
(see experimental part). Applying this procedure to the IR
spectra in Figure 1b and 1c reveals that the desorbed sample
(spectrum c) retains less than 5% of the intensity of “or-
ganic bands” as compared to the same sample before de-
sorption (spectrum b). Since thermal reaction products
were almost quantitatively desorbed, their characteriza-
tion could be undertaken by high resolution mass spec-
trometry (HRMS) analysis of desorption solutions. Based



on ppm mass accuracy measurements, oligopeptide-de-
rived ions were identified, providing unambiguous molec-
ular formulas of singly-charged oligopeptides.

We studied the condensation products of single amino ac-
ids on silica, as references for comparison with the binary
system Leu+Glu/SiO,. The ESI mass spectra from desorp-
tion solution of thermally activated Leu/SiO. and Glu/SiO,
are reported in Figure S2 (supplementary information).
There is little or no degradation to non-peptidic molecules
and only little formation of long polymers. From Leu/SiO.,
analysis, the predominant peak, corresponding to [L,-
H,O]H* ions, can be assigned to a cyclic dimer cyclo(L-L),
in other words, a substituted diketopiperazine (DKP), in
accordance to previous work37 At first sight, smaller
amounts of trimers and tetramers could be present, but
relevant peaks could as well be assigned to non-covalent
complexes.

Intens.
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[EL;-H,O]H* 4%5%6058

Asregards Glu/SiO,, no untransformed monomer is left af-
ter thermal activation but the product of internal conden-
sation, PyroGlu, is detected. In addition, several Glu-con-
taining oligopeptides seem to be present in accordance
with previous work.? However, the same ambiguity as for
Leu/SiO, is encountered since they could also be at-
tributed to non-covalent complexes. In this case, we per-
formed specific experiments to discriminate between these
two possibilities (see Figure S3 and S4), finding that non-
covalent complex formation in the conditions of analysis
accounts well for the observations. In summary, neither
Glu/SiO, nor Leu/SiO, gives rise to the formation of long
peptides.
Previous spectroscopic and TGA experiments#22>47 sug-
gested that thermal activation of a single amino acid on a
silica surface does not usually produce linear oligopeptides
when deposition is carried out from an aqueous solution.
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Figure 2. Positive ESI mass spectrum of the desorption solution obtained from thermally activated Glu+Leu/SiO, system using
HRMS detection. The ppm accuracy of m/z value measurements are shown in brackets. Peaks marked with a star correspond to

unidentified compounds.

The HRMS analysis of the desorption solution from acti-
vated Leu+Glu/SiO, shows a starkly different picture. Fig-
ure 2 presents the whole ESI mass spectrum of the desorp-
tion solution from activated Leu+Glu/SiO.,, with close-up
views of the tetrapeptides and hexapeptides mass regions
shown in insets. The vast majority of detected species may
indeed be attributed to peptides. Abundant protonated
and cationized ions from homo- and hetero-oligopeptides
are detected, which proves the occurrence of oligopeptide
formation (further confirmed by fragmentation patterns
using MS/MS experiments, see below). Oligomer ions up
to octamers have been detected with a mass accuracy bet-
ter than 1 ppm. Thus, as previously reported,? the copoly-
merization of amino acid pair (E and L) on silica leads to
extensive formation of long oligopeptides. On the contrary

this was not significantly achieved for either AA when de-
posited alone. The four predominant peaks were assigned
to stoechiometries [EL-H,O]H*, [EL,-H,O]H*, [EL.]H*
and [E,L,-H,O]H*, respectively. Other oligopeptide spe-
cies including [L,-H,O]JH*, [E,L-H,O]H* and [E,L;-
H,O]H* are also detected with quite high abundances. In-
terestingly, the most abundant oligopeptide species corre-
spond to dehydrated forms (denoted as “-H,O7, i.e., -
18.01056 uma with respect to the calculated formula for a
linear peptide), with the exception of the EL, tripeptide.

In order to assess the reproducibility and check the possi-
ble effect of sample aging, several HRMS analyses were per-
formed on solutions desorbed from activated
Leu+Glu/SiO, samples after variable solid sample storage
durations, either immediately after desorption or after dif-
ferent freezing-thawing cycles. Similar MS profiles, with



comparable relative intensities, were obtained (data not
shown), indicating that the conditions of sample storage
do not modify the composition of the oligopeptide mix-
ture.

3.2 Polymerization selectivity: peptide stoichiometry

The main goal of our study was to investigate the possible
existence of polymerization selectivity during peptide for-
mation in the scenario of thermal activation on a silica sur-
face. Caution is needed however, since discrimination ef-
fects exist in mass spectrometry, which strongly impacts
the quantification of analytes from MS. These effects stem
from phenomena occurring in different parts of the MS in-
strumentation. In addition to ionization discrimination ef-
fects (see following paragraph), mass discrimination phe-
nomena exist in the FTICR mass analyzer device character-
ized by a pseudo potential well.#3 So, relative abundances
of detected oligomer ions using a broad 100-1000 m/z de-
tection range cannot be used for a quantitative evaluation
of all oligomers: only comparisons within a limited m/z
range can be meaningful.

The first aspect of the selectivity question is whether some
stoechiometries are preferred among polypeptides of a
given length. Taking tripeptides as an example, the possi-
ble stoechiometries are L;, EL,, E,L and E;. Assuming a
random polymerization, with two amino acids present in
equimolar amounts, there would be a probability of 0.5 for
each position in the chain to be occupied by Leu and Glu,
respectively, so that the respective molar ratios of these dif-
ferent peptides would be 1:3:3:1 (the binomial coefficients),
ori/3:1:1:1/3, normalizing the highest amounts to 1. Fig-
ure 3 compares the theoretically expected tripeptide abun-
dances to the experimentally observed peak intensities, for
our reference sample (L:E molar ratio of 1:1). [t must be un-
derlined that to obtain the experimental values, the peak
intensities of all the oligopeptide ions observed for a given
stoichiometry (protonated or cationized species, from de-
hydrated or fully hydrated forms) have been summed. Av-
erage values from seven repeated analyses are plotted to-
gether with error bars corresponding to standard devia-
tions.
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Figure 3. Comparison of the theoretically expected peak inten-
sities for tripeptides in a random polymerization to the exper-
imentally observed peak intensities. Relative amounts in the
random scenario are corrected for ionization efficiencies to
give “expected intensities”. All the distributions are normal-
ized with respect to EL,, arbitrarily set at 1.

At first sight, the experimental data would seem to be
strongly different from the expected amounts for random
polymerization, suggesting a definite selectivity. However,
discrimination effects arise at the ionization step, particu-
larly when using atmospheric pressure ionization (API)
methods.#® Variable ionization efficiencies are expected for
different oligopeptide sequences. It is not straightforward
to evaluate these MS discrimination effects quantitatively;
typically, quantitative studies involve the use of reference
labeled compounds and developed methods are generally
compound- and compound family dependent.# To esti-
mate such phenomena in the present work, reference
tripeptides were used. ESI mass spectra of equimolar mix-
tures containing three reference tripeptides (LLL and EEE
together with one of the six other hetero-tripeptides) were
analyzed using the same procedure; the results are re-
ported in Figure Ss. In general, leucine-rich peptides dis-
play a higher ionization efficiency; in the most extreme
case, the peak intensity of [L;]H* is higher than that of
[E;]JH* by almost an order of magnitude. This was ex-
pected, as analytes with hydrophobic moieties should have
a higher ESI response than more polar ones due to their
high affinity for electrospray droplet surfaces.® They tend
to have a greater charge excess which may explain their
greater ionization yields. Thus, the ionization efficiencies
follow a relative order that depends on the global stoichi-
ometry: L; > EL, > E,L > E;. Tripeptides of the same stoi-
chiometry but with different sequences exhibit close MS
response. Based on these results, we calculated an average
MS response factor for the two stoechiometries having sev-
eral possible sequences (i.e. EL, and E,L), and used them
to evaluate the expected peak intensities that would corre-
spond to random polymerization (Figure 3). These calcu-
lations remain approximate because they do not take into
account possible differences in respective ionization effi-
ciency between protonated and cationized species, nor be-
tween fully hydrated and dehydrated peptides from the
same peptide sequence, but they should represent an im-
provement over raw peak intensities.

The discrepancy between (corrected) random and exper-
imental distributions is reduced, but not eliminated, as re-
gards the relative amounts of peptides with EL, and E,L
stoechiometries - there is about 9o% chance that the pre-
dominance of EL, over E,L is significant. In contrast, the
quasi absence of species with stoichiometry L; is made
more conspicuous, because they have a high response fac-
tor and their signal should be exalted if they were present.
E; species also appear definitely under-represented. Com-
parisons between random model and experimental data



are reported for other peptide lengths, and also for other
E/L molar ratios in Figures S6 to S8. The lack of suitable
reference peptides for chains longer than tripeptides did
not permit even the rough quantifications that we at-
tempted for tripeptides - not to mention the exponentially
more complicated difficulty of the task when peptide
length increases. Nevertheless, experimental distributions
do seem to be significantly different from random ones. Es-
pecially, homopolymers seem to be very scarce. The verifi-
cation of this observation was one of the reasons to inves-
tigate AA mixtures of different stoechiometries (see be-
low). Note that the latter results are somewhat different
from previous ESI results on the same system, where EL,
and EL; species were the only detected stoechiometries for
pentamers and hexamers.3 In the latter study, however,
less care was taken to control the residual pressure of water
during thermal treatment: the effect of water activity on
the polymerization process is a direction for further re-
search.

3.3 Polymerization selectivity: peptide sequence deter-
mination

The next question that must be raised relates to the exist-
ence of sequence selectivity for a given peptide stoechiom-
etry. Peptides with the same AA composition but different
sequences give peaks at the same m/z values in MS, but
tandem mass spectrometry (MS/MS) should provide ac-
cess to a unique peptide sequence through the detection of
sequence-specific series of fragment ions, and more specif-
ically the so-called b/y fragments.5*5' The protonated mo-
lecular ion for a given peptide stoichiometry is selected as
precursor ion and undergoes CID (Collision Induced Dis-
sociation) fragmentations. Figure 4 presents the CID spec-
tra of the protonated ELL, LEL and LLE reference tripep-
tides and the one of the peak detected experimentally at
m/z 374.228 from the desorbed solution from thermally ac-
tivated Leu+Glu/SiO,. The MS/MS spectrum of the precur-
sor ion from the desorption solution displays only two ma-
jor product ions at m/z 243.13348 (assigned to a b2 frag-
ment) and at 132.10175 (assigned to a y1 fragment). This
fragmentation pattern suggests the predominant presence
of the ELL sequence among tripeptides with the EL,
stoichiometry, thus demonstrating a selectivity in the se-
quence of the oligopeptides formed.
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b
2 [M+H]*
243.13369 374.22804
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Figure 4. MS/MS spectra of the protonated molecule [M+H]*
at m/z 374.2280 for reference tripeptides ELL, LEL and LLE
sequences, and for the peak at m/z 374.2280 detected from the
thermally activated Leu+Glu/SiO, system (bottom spectrum).

MS/MS experiments were also performed for other de-
tected linear and dehydrated oligopeptides ions (see Fig-
ure Sg in SI). Conclusive interpretations are hard to make
because of the lack of reference peptides to obtain charac-
teristic fragmentation patterns of genuine compounds, and
because of the very similar fragmentation pathways for al-
ternating Leu/Glu heteropeptides, but especially in the
case of tetrapeptides there are definite hints of sequence
selectivity. To go further, a MS® study is under investiga-
tion.

3.4 Effect of AA molar ratio on polymerization
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Figure 5. Positive ESI mass spectra in the tetrapeptide (m/z
450-520) mass range of thermally activated Leu+Glu/SiO, sys-
tems prepared with different Leu:Glu ratios. Note that the
sample concentrations were optimized to obtain similar MS
response and avoid saturation.

The effect of molar ratio between two amino acids on the
oligomer production was studied using the same HRMS
conditions. Figure 5 shows a zoomed m/z range corre-
sponding to the tetrapeptide ions for the three different
Leu/Glu ratios investigated. Comparisons of theoretically
expected tripeptide abundances to the experimentally ob-
served peak intensities for the different oligomer lengths
and three different L/E molar ratios are reported in Figure
S6 to S8. As could be expected, leucine-rich peptides are
formed in higher amounts when starting from mixtures
containing higher proportion of leucine. For example, the
[L,-H.O]JH* ion relative intensity (m/z 453.34353) in-
creases for the 21 and 5 ratios. Similarly, the [E,L,-
H,O]H* ion relative intensity, (m/z 485.26059) as com-
pared to the [EL;-H,O]H* ion decreases, whereas the [E,-
H,O]H* peptide is never detected. However, some
polymerization selectivity is still observed. In particular,
heteropeptide ions are always predominant, even when an
excess of Leu should favor the (Leu), homopolymers if the
polymerization were random. Regarding the tripeptides,
for which a semi-quantitative comparison is possible, the
trends discussed above for the 11 ratio are confirmed: in
addition to the very small amounts of L even for L:E ratio
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of 5:1, the predominance of EL, over E,L is confirmed (Fig-
ure S6 in SI), and indeed more conspicuous than for the
11 ratio. If we look at the data for the three ratios, we see
that the following oligomers seem overrepresented, with
respect to the random scenario: EL; and E,L, for the te-
tramers, E,L; for the pentamers, E,L, for the hexamers,
E.L; and E5L, for the heptamers, and E;L; for the octamers
(Figures S6 to S8).

3.5 Origin of polymerization selectivity: comparison with
another condensation method

The observed selectivity could have a thermodynamic
origin, meaning that some oligomers are formed in higher
amounts because they are thermodynamically more stable,
or a kinetic origin, meaning that the particular reaction
mechanism on the silica surface specifically opens certain
transformation pathways by lowering their activation en-
ergy (heterogeneous catalysis). In order to shed some light
on this question, a homogeneous condensation procedure
using a sacrificial activator i.e., carbonyldiimidazole (CDI),
was applied to an equimolar Leu+Glu mixture. The ESI
mass spectrum of the condensation products is reported in
Figure 6. Oligopeptides up to pentamers are detected, but
the results diverge from those obtained from surface
polymerization, in two important respects.
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Figure 6. Positive ESI mass spectrum of the condensation products obtained in solution using carbonyldiimidazole as a sacrificial

activator.

First, little to no stoichiometry selectivity is obvious
here. Indeed, the experimentally observed distributions
are rather close to the random oligomerization once the
relative ionization yields between Leu- and Glu-rich pep-
tides are taken into account (see the di-, tri- and tetra-pep-
tide mass ranges in Figure 6), strongly suggesting that the

CDI method is less selective and closer to random polymer
formation. These observations underline the key role of the
silica surface in polymerization selectivity. As a matter of
fact, they do not definitely prove that the selectivity ob-
served in the silica surface scenario has a kinetic origin,
since it may be argued that the various oligomers have dif-
ferent stabilities on the silica surface due to different



amino-acid/surface interaction energies. We will examine
this question in more detail in a forthcoming publication
dealing with reaction mechanisms and kinetics. Suffice it
to say here that the peptide distributions discussed above
may not correspond to an equilibrium situation, and that
they vary significantly with the duration of the thermal
treatment.

Second, no dehydrated peptide ions are detected when
using the CDI procedure, even for Glu-containing oligo-
peptides. The absence of dehydrated peptidic forms when
using a sacrificial activator in contrast to surface activation
is of major interest.

4- Discussion

Let us recapitulate the different aspects of condensation
reaction selectivity that are relevant for the origin-of-life
significance of amino acid polymerization on mineral sur-
faces.

First, there is the overall yield of peptide formation.
From a thermodynamic point of view, the amino acid con-
densation equilibrium can be displaced as much to the
right as desired, for all practical purposes close to 100%,
simply by decreasing the water activity (harsh drying con-
ditions). From a kinetic point of view, many early studies>
were carried out in temperature conditions where the re-
action is rather slow and takes weeks to be completed. Alt-
hough the yields reported in those low T studies may be
only a few percent, TG results show that quantitative con-
densation can be achieved in a matter of minutes at 160°C
- although the peptide bonds will keep rearranging with
time. Then, HRMS analysis shows that most observable
peaks are attributable to singly charged oligopeptides. Ac-
tually, from previous studies, we know that various peptide
degradation reactions may be induced by heating at higher
temperatures, but on the silica surface they do not become
significant before at least 250°C." Therefore, amino acid
condensation on mineral surfaces is a robust scenario,
where close to 100% selectivity to the “prebiotically inter-
esting” compounds is achieved and maintained over a large
range of experimental conditions. This deserves to be un-
derlined since many reported prebiotic pathways do form
molecules of biological significance, but only in a few %
yields and/or in conditions where they are quickly de-
graded.

Second, there is the question of selectivity for rather long
oligopeptides over cyclic dipeptides (DKPs). This point was
mentioned in the introduction, as one of the reasons for
choosing the (Leu+Glu) AA pair, in view of previous work3?
where this system can indeed display this type of selectiv-
ity. We have confirmed that peptides containing three or
more amino acid residues are indeed predominant, while
neither single AA system (Leu/SiO, or Glu/SiO,) forms

large amounts of them. Actually, it had been shown by Fox
et al° that mixed systems containing Glu could form long
polypeptide chains, although this was for a bulk polymeri-
zation scenario (no surface involved) that is less likely
prebiotically. Later on, the same authors established that
the necessary condition for making long polypeptides in
their scenario was the presence in sufficient amounts of tri-
functional amino acids having either a -COOH (Glu, Asp)
ora -NHz2 group (Lys) in their side chain.?#? In the present
study, the most abundant oligopeptide ions were tri- and
tetramers, with significant presence of higher polymers up
to the octamers. This may seem small in comparison to the
bulk polymerization scenario where peptides containing
up to 100 residues were present. However, the length of
chains formed on surfaces may increase with reaction time,
as will be studied in a forthcoming publication. Here, we
may already underline the fact that the observed trends
imply a significant mobility of the AAs and peptides on the
surface, since the 2-D AA density was only 1/10 of a physical
monolayer: in other words, if the AAs are homogeneously
distributed, they are not in close contact with their neigh-
bors.

Third, and most central to the usefulness for origin of life
scenarios, comes the question of stoichiometry and se-
quence selectivity. The interpretation of experimental data
is not straightforward due to the well-known difficulty of
quantifying MS results. We have attempted to evaluate the
ionization yields through the analysis of reference tripep-
tides. This process is quite cumbersome and semi-quanti-
tative at best. However, the example of tripeptides, which
was worked out in detail, as well as the less detailed analy-
sis of other formed polypeptides, definitely indicates that
the mineral surface scenario is selective, in the sense that
some reaction products are favored at the expense of oth-
ers, most probably due to the selective opening of some re-
action pathways by catalytic effects. The preferential for-
mation of heteropeptides rather than homopeptides is a
general trend; the preference of EL, over E, L stoichiometry
is less marked but still seems significant. Going from stoi-
chiometry to sequences proper is even harder as it requires
MS/MS experiments, but can be quite rewarding, showing
for instance that the EL, stoichiometry predominantly cor-
responds to the ELL sequence, rather than the other two
theoretically possible ones. Partial data on other oligopep-
tides also point at significant sequence selectivities in gen-
eral.

The definition of selectivity generally used in heteroge-
neous/industrial catalysis, namely the amount of starting
reagent transformed to the product of interest, expressed
as a percentage of total reagent transformation, is insuffi-
cient to evaluate the prebiotic interest of this, or any other
polymerization scenario. Instead, as a first step towards
evaluating to what degree a particular scenario can prefer-
entially lead to a particular peptide, or a particular category



of peptides, one would like to have a quantitative measure
of how much the observed distribution deviates from a
“non-discriminating one”. The problem is made more com-
plex because for a complete treatment, we would need to
address both the distribution among various polypeptide
lengths, and, for a given length, the distribution among
possible sequences/stoechiometries. Let us consider the
second question, and more specifically, let us take as a spe-
cific example the distribution among possible tripeptides,
for which we have the most experimental data.

It turns out that this problem is akin to one that was of-
ten addressed in theoretical biochemistry, namely, the as-
sessment of genetic heterogeneity among a population of
organisms. Among other existing practical measures,
Adami>4 proposed to evaluate the average physical com-
plexity of an ensemble of genetic sequences X, according
to a formula based on Shannon’s entropy in information
theory.5 In their case, X was an ensemble of known se-
quences, i.e. of DNA chains with potentially very high
lengths (L, the length of the sequence, can reach up to 2
million bases even for a single gene). In our case, X would
be an ensemble of oligopeptides, e.g. of tripeptides, with L
= 3. The entropy H" is calculated along

H(X) = —Zpi log p;
i=1

where the summation is over all possible sequences i in
ensemble X, and p; are their respective probabilities. The
number of possible sequences depends on the sequences
length and on the number of monomer types, D (the “size
of the alphabet”). In the case of DNA sequences, D = 4
(there are 4 possible nucleobases), while in our case D = 2
(the monomers can be either L or E). The number of pos-
sible sequences is then N = DI; in our “world” of E+L
polymerization, N = 23= 8 (LLL, LLE ... EEE).

Now if all sequences were equally likely, the probability
of each one would be 1/N, so that:

N
1 1
Hmax(X) = _Zﬁl()g(N) = logN,
i=1

providing a maximum entropy situation. Genomes in a
real environment, E, are submitted to (natural) selection

pressures so that the observed sequence probabilities p; are
greatly different from this equal probability situation. The
conditional entropy of the ensemble of sequences X in en-
vironment E will then be different from H .., and denoted
H(X|E). H(X|E) is indeed lower than H . because the se-
quence distribution in the real environment is "more or-
dered” - it is easy to realize that in the limiting case where
only one sequence would be expressed in the population,
H(X|E) would be zero. The difference H qx - H(X|E) is de-
noted I (X : E), and may be considered as an information
content. Adami indeed equates it to “the information that
X has about E”, the information that the population of ge-
nomes has about its environment.

It is easy to apply these notions to the world of oligopep-
tide synthesis. In our case, p; may be equated to the relative
abundances of the trimers in the analytical mixture (esti-
mated by correcting the peak intensities for ionization ef-
ficiencies as explained above), and E will be the “silica sur-
face environment”, or in more common parlance the silica
surface AA polymerization scenario, so we will write SiO,
instead of E. I (X : SiO,) will then constitute a quantitative
evaluation of the “non-randomness” of the observed oligo-
peptide distribution, due to the fact that it is established in
the SiO, scenario. This extension would be rather straight-
forward if we had precise data on the experimental abun-
dances of each trimeric sequence. Establishing oligopep-
tide sequences requires a lot of experimental work (in the
results discussed above, the predominant sequence was
unequivocally established only for the EL, stoichiometry),
so that we will couch the calculation in terms of experi-
mentally observed stoechiometries instead. Then, as al-
ready stated, the maximum entropy (= random scenario)
will correspond to relative intensities 1:3:3:1, which may be
converted to probabilities by normalizing to 1. The steps of
the calculation of I (X : SiO,) are shown in Table 1, and this
quantity is found equal to 1.256 - 0.788 = 0.468 entropy
units. This approach may be used to compare the two
polymerization scenarios, on silica and in solution with the
CDI activator. It is found that I (X : CDI), it is only 0.222
entropy units.

Table 1. Calculation of the information content of the experimental tripeptide distribution in the silica surface and the CDI acti-
vator scenarios, as compared to a random distribution. Natural logarithms were used; conversion to base 2 log may be obtained

multiplying by 1.4427.

* The choice of this notation for the entropy is unfortunate since it
may bring about a confusion with the enthalpy in general thermo-
dynamics, but it is already well-established.



Stoechiome- L, EL, E.L E;

try i

pi (random) 0.125 0.375 0.375 0.125

pilog(pi) -0.260 -0.368 -0.368 -0.260 Hmax(X) = = Xi=1p;ilogp;

(random) (rnd)
=1.256

pi (exp, SiO,) | o.010 0.570 0.407 0.013

pilog(pi) (exp, | -0.045 -0.321 -0.366 -0.057 H(X|Si0,) =

§i0.) — Xi=1p; logp; (obs)
=0.788

pi(exp, CDI) | 0.300 0.495 0.205 0.000

pilog(pi) (exp, | -0.361 -0.348 -0.325 0.000 HX|cDI) =

CDn — Xi=1p; logp; (obs)
=1.034
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This example shows that it is possible to quantify the in-
formation content of an experimentally observed distribu-
tion of polymers obtained in a particular polymerization
scenario. A generalization accounting also for the distribu-
tion between different polymer lengths could be devised,
although practical measurements involve some experi-
mental difficulties. The quantity I (X : SiO,) calculated in
this way has tantalizing implications in research on the or-
igins of life. It was originally defined for populations of ge-
nomes, and in this context, it may be intuitively under-
stood as the “amount of information that a population
stores about the environment in which it lives”.5* Nobody
would of course contend that the mixed oligopeptide sys-
tems formed by surface AA polymerization are alive - to
the best of our knowledge, they do not do anything useful
from a systems chemistry perspective, while genomes are
functional macromolecules. Still, it may be interesting to
have a common measure of complexity that can be applied
at such widely separated steps on the road from chemistry
to life.

The course we have followed in the preceding develop-
ments is to evaluate the non-random character of a poly-
peptide distribution in order to determine whether it is
promising in an OoL scenario. Thus, we took the polypep-
tide distribution as a piece of data to be interpreted, with-
out trying to establish how exactly it was produced. The
latter question is of course a legitimate one. Specialists of
surface science and catalysis may think it is the central one,
and indeed unraveling the surface reaction mechanisms
would be very helpful to determine how polymerization se-
lectivity can be improved, other than by blind variation of
the reaction parameters. This endeavor is not without
precedent in the literature, in fact essentially for one sys-
tem similar to ours.

Dose et al have studied the copolymerization of Glu with
several AAs with hydrophobic residues (thus similar to
Leu), denoted X, both in the bulk polymerization®” and car-
bodiimides® (a solution scenario with sacrificial activator,
akin to our CDI) scenarios. They found that the trimers
formed mostly consisted in PyroGlu-X-X (pE-X-X), similar
to the predominance of E-L-L that we observed. They ex-
plained this by hypothesizing that Glu first undergoes in-
ternal cyclization to pyroglutamic acid (“self-protecting”
the NH, terminal of Glu) while the amino acids X condense
to cyclic dimers, followed by the reaction pE + cyclo(X-X)
= pE-L-L. It is tempting to transpose their mechanism to
our systems; it would be compatible with the observed re-
activity of the single amino acid systems, and with the ex-
istence of large amounts of dehydrated peptides, in our ex-
periments. However, our initial results (data not shown)
indicate that this mechanism probably does not take place
in our case, and we will leave a full mechanistic discussion
for a further publication.

5- Conclusion
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In this study, close to quantitative formation of oligo-
peptides up to octamers has been demonstrated for
Leu+Glu/SiO2 systems after a single thermal activation
step, a realistic scenario in origins of life studies. Unambig-
uous peptide assignments with ppm mass accuracy meas-
urements were obtained by using high resolution mass
spectrometry (HRMS) detection. These, and MS/MS exper-
iments, demonstrate non-trivial distributions of oligomers
between different stoechiometries and possible amino acid
sequences, which probably have a kinetic origin - a
memory of heterogeneous catalytic pathways opened up
on the inorganic surface. Polymerization in aqueous solu-
tion through the use of sacrificial activators does not result
in the same oligopeptide distributions, being closer to ran-
dom. In order to quantify the information contained in ex-
perimentally observed distributions, we propose to use a
metric derived from genomics analysis. However, it should
not be overinterpreted. It provides an interesting measure
to evaluate the otherwise ill-defined notion of selectivity in
the progressive emergence of biopolymers. Further inves-
tigations will be performed into the polymerization pro-
cess on surfaces, especially to follow polymerization kinet-
ics and thus establish the likely mechanism, as well as in-
vestigations of the polymerization selectivity with other
characterization methods (hyphenated methods as Liquid
Chromatography/Mass Spectrometry (LC/MS) or lon Mo-
bility-Mass Spectrometry (IMMS) to identify peptide se-
quences). More complex amino acid mixtures will also be
investigated in order to get closer to the likely complexity
of prebiotic environments.
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Figure S1. a) XRD and b) TGA spectra of Leu+Glu/SiO, system
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Figure S2. Positive ESI mass spectrum of desorption solution from thermally activated Leu/SiO;
(a) and Glu/SiO; (b) systems using high resolution mass spectrometry (HRMS) detection.

In Figure S2a, the predominant peak at m/z 227.17515 corresponds to stoichiometry [L2-H2O]H*. It can
be assigned to a cyclic dimer cyclo(L-L), i.e. a substituted diketopiperazine (DKP), in accordance to
previous works on surface catalyzed polymerization. The monomer ion, LH*, is still detected at low
abundance (m/z 132.10182), meaning that polymerization is not quantitative. Other oligomer
compounds are also detected. The linear dipeptide [L2]JH* has an intensity five times smaller than the
cyclic [L2-H20]H*, and its presence is not surprising since it constitutes a likely intermediate in the
formation of the latter. Peaks corresponding to the stoechiometries [L3]H* and [L4-H20]H* could be due,
respectively, to a linear trimer and a cyclic tetramer. However, they could also be assigned to non-
covalent multimer ions, respectively between the monomer and DKP (L,cyclo(L-L)H*) and between two
DKP species (cyclo(L-L),cyclo(L-L)H*). Since the constituting elements of these two adducts are indeed
present in the solution, this assignment may be more likely than supposing a cyclic tetramer.

In Figure S2b, the desorption solution of activated Glu/SiO2 does not show any untransformed
monomer, but does show [E-H20]H*, corresponding to internal cyclization (PyroGlu formation). The
most intense peaks nominally correspond to dimers: [E2-H20]H* and the corresponding sodium form,
[E2-H20]Na*. However, an alternative assignment could be the non-covalent complexes (pE,pEH*) and
(pE,pENa*). This possibility has been specifically addressed by additional experiments (see Figures S3
and S4).
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Figure S3. Positive ESI mass spectrum of desorption solution from thermally activated Glu/SiO.
at different solution dilutions for HRMS analysis.

Evidence indicating that the species detected at m/z 259.0921 in the activated Glu/SiO2 sample
correspond to non-covalent multimer ions. The desorption solution was diluted 25, 50, 100 and 500
times: the 259.0921/130.0496 intensity ratio, where the species at m/z 130.0496 is the pE monomer,
decreases upon dilution as expected for non-covalent complex species formed during the ESI
processes.
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Figure S4. MS/MS spectra of the m/z 259.09230 precursor ion resulting from (a) E+pE mixture
and (b) thermally activated Glu/SiO, sample

A mixture containing pyroglutamic acid (pE) and glutamic acid was prepared to form non-covalent dimer
ions and compare their gas phase stability with supposed non-covalent species in the Glu/SiO2 sample.
Both MS/MS spectra are similar, indicating that m/z 259.09230 ions should correspond to a non-covalent
dimer formed by two pyroGlu units.
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Figure S5. Positive ESI mass spectra from equimolar mixtures of the reference tripeptides. Each
solution contains an equal amount of LLL (m/z 358,26945), EEE (m/z 406,14492), and one hetero-
trimer a) LLE, b) ELL, c) LEL, d) LEE, e) EEL and f) ELE sequences.
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Figure S6. Comparison between the experimental peak intensity data (red bars) and expected distributions for random polymerization (hatched bars)
for the different possible stoichiometries of a) dipeptides, b) tripeptides, c) tetrapeptides in systems with 1:1, 2:1 and 5:1 L:E molar ratios. For the
tripeptides, the grey bars correspond to the expected peak intensities in the random scenario, taking into account the ionization efficiencies (cf.
Figure 3).
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Figure S7. Comparison between the experimental peak intensity data (red bars) and expected distributions for random polymerization (hatched bars)
for the different possible stoichiometries of a) pentapeptides, b) hexapeptides in systems with 1:1, 2:1 and 5:1 L:E molar ratios.
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Figure S8. Comparison between the experimentally data (red distribution) on a) heptapeptides, b) octapeptides of different stoichiometries and
expected values for random polymerization (hatched distribution) of different stoichiometries and expected values for random polymerization for
the 1:1, 2:1 and 5:1 L:E molar ratios.
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Figure S9. MS/MS spectra of precursor ions at (a) m/z 356.21713 corresponding to [EL.>.
H2O]JH" tripeptides, (b) m/z 487.31107 corresponding to [EL3]H* tetramer, (c) m/z 616.35277
corresponding to [E;L3;]H* pentamer from the thermally activated Leu+Glu/SiO, system.
Note that putative peptide stoechiometries were obtained from accurate mass
measurements.

The fragmentation patterns detected for each peptide stoichiometry do not allow unambiguous
sequence determination but give some clues about partial peptide sequencing.

a) Fragments ions were annotated as y1(L) at m/z 132 corresponding to a L residue at C-
terminal, and two different b2 corresponding to LE-H20 motif (or a EL-H20) and LL-H20
at m/z = 225 and 227 respectively. This fragmentation pattern suggests that we are dealing
with is a mixture of two or more possible sequences.

b) Fragments ions are annotated y1(L) at m/z 132 and b2(EL), b3(EL2). It is not possible to
distinguish the ELLL and the LELL possible sequences because of the lack of b1 and y3
fragments. One can eliminate LLLE and LLEL sequences as no corresponding b2 or b3
fragments ions are detected.

c) Fragments ions are annotated y1(L) at m/z 132, y3(ELz), and b4(E2L2). The absence of
b1, b2 and y2 does not allow a firm conclusion for a major sequence. Indeed, detected
fragment ions could be produced from several sequences and/or a mixture of them.



Table Sl 1: Assignment of main IR bands in non-activated Leu+Glu/SiO;

Wavenumber | Assignment

(cm™)

1408 COO- symmetric stretching
(Vsym CO)

1473 CH2 asymmetric bending
(8as HeH)

1500 NHs* symmetric bending
(SSym HNH)

1595 (sh) Mostly COO- asymmetric
stretching (vas co)

1627 NHs* asymmetric bending
(8as HNH)

1718 C=0 stretching, side chain

COOH of Glu.
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