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On the role of a-alumina in the origin of life:
Surface-driven assembly of amino acids

Ruiyu Wang"z, Richard C. Remsing3, Michael L. Klein"*%, Eric Borguet1’2*, Vincenzo Carnevale

We investigate the hypothesis that mineral/water interfaces played a crucial catalytic role in peptide formation by
promoting the self-assembly of amino acids. Using classical molecular dynamics simulations, we demonstrate
that the a-alumina(0001) surface exhibits an affinity of 4 k; T for individual glycine or GG dipeptide molecules due
to hydrogen bonds. In simulations with multiple glycine molecules, surface-bound glycine enhances further ad-
sorption, leading to the formation of long chains connected by hydrogen bonds between the carboxyl and amine
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groups of glycine molecules. We find that the likelihood of observing chains longer than 10 glycine units increases
by at least five orders of magnitude at the surface compared to the bulk. This surface-driven assembly is primarily
due to local high density and alignment with the alumina surface pattern. Together, these results propose a mod-
el for how mineral surfaces can induce configuration-specific assembly of amino acids, thereby promoting con-

densation reactions.

INTRODUCTION

The question of how life emerged on planet Earth has intrigued sci-
entists for decades (I1-4). In this regard, understanding the sponta-
neous formation of the macromolecules that underpin life’s crucial
biochemical processes will inform the better design of bioinspired
materials (5-7) as well as aid in the search for habitable exoplanets
(8, 9). To fold into thermodynamically stable structures and thus to
have well-defined biochemical properties, peptides should be at
least 40 amino acids long (10).

The Miller-Urey experiments showed that only monomeric ami-
no acids form when models of early Earth atmospheres (H,O, CHy,
NH3;, and Hy) are heated and exposed to an electric discharge (11-
14). Later, Saitta and colleagues provided crucial microscopic insight
into these processes by confirming that large electrostatic fields can
notably lower the barrier to generate formamide, CO, and NH3 using
molecular dynamics (MD) simulations (12, 15). However, polypep-
tides were not observed in these experiments, and the possible ori-
gins of polypeptide formation on the early Earth remain a mystery.

Polypeptide chains are formed by amino acid monomers through
condensation reactions (Fig. 1). For a linear polymer chain, the chain
length distribution can be estimated using the Flory model (16, 17)

N,/N=(1-p)p"" (1)

where 7 is the number of monomeric units in a chain, N, is the
number of polymers with # units, N is the total number of polymer
and monomer molecules, and p is the probability for condensation
reactions. Equation 1 shows that the probability of finding a chain
with a certain length decreases exponentially with the chain length.
Forming a chain longer than 40 amino acids would be an exceed-
ingly rare event, unlikely to occur even on geological timescales. A
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partial solution to this conundrum is the autocatalysis mechanism,
that is, polymer chains with more than 10 units promote the adsorp-
tion of monomer using the chain itself as the template, thereby mak-
ing chains longer than 30 more likely to occur (10).

The issue that remains unclear is how polypeptides can reach the
critical length of 10 units. The condensation reaction (Fig. 1) is both
thermodynamically unfavorable and kinetically slow, primarily due
to a free energy barrier of approximately 50 kcal/mol, which inhibits
spontaneous reactions in bulk water (18). Increasing the temperature
not only accelerates the reaction but also facilitates the drying of the
surface and the removal of by-product water, thereby also making the
reaction thermodynamically favorable (19). One hypothesis is that
the origin of polypeptide comes from mineral surfaces near hydro-
thermal vent in the deep sea (8, 20). High temperature and solid sur-
faces can accelerate amino acid condensation reactions (13, 21-28).
For instance, heating glycine solutions in the presence of oxide min-
eral powders resulted in the formation of peptides and by-product
diketopiperazine (DKP), a glycine dimer that does not lead to poly-
peptide chains. The activity of multiple earth-abundant oxides was
examined, and the activity follows the sequence TiO, > AL O3 > SiO,
(29). While TiO, shows the highest overall catalytic activity, it is no-
tably less abundant than AL O3 in the Earth’s crust. Moreover, AL, O;
shows very little production of the by-product DKP. From this, we
believe that Al;O3 is a promising candidate as a natural amino acid
condensation catalyst.

Previous observations show that ions prefer to nucleate at solid
surfaces (30) or aggregate to form specific patterns under confine-
ment without any templates (31). Our hypothesis is that besides
lowering the reaction barrier by altering reaction pathways (32),
solid surfaces can promote the noncovalent self-assembly of mono-
mers (33-37). Such adsorption and pre-assembly of amino acids at

H (]? Hn HH 9
2HN-C-C-OH —= HN-G-C—N-C-C-OH + H0
R R
Fig. 1. The amino acid condensation reaction. Two glycine molecules generate a
GG dipeptide.
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alumina surfaces align monomers to orientations that are favorable
for polymerization.

Here, we address two key questions regarding Al,O3-catalyzed
amino acid condensation reactions: (i) Do amino acids prefer to re-
main in solution or adsorb onto the alumina surface? (ii) Does the
alumina surface promote the aggregation of ordered structures of
adsorbed amino acids? To investigate these questions, we focused
on the a-alumina(0001) surface, which is the most stable phase of
alumina. Its flat (0001) surface has been extensively studied and pro-
vides an ideal model for our simulations (38). The (0001) surface
strongly promotes adsorption of sodium halides on the hexagonal
pattern of aluminol groups (39), and interfaces facilitate the nucle-
ation of solid NaCl, making the aggregation state dominated at reduced
dimensional environments (31, 40). We carried out MD simulations
with metadynamics, an enhanced sampling technique that enables
sampling of diverse molecular configurations while preserving their
statistical weights (41-43). We find that glycine, the simplest amino
acid, shows an affinity for the alumina surface of 4 kT due to the
hydrogen bonds (H-bonds) established with the surface. Adsorbed
glycine molecules further promote adsorption, thereby increasing local
concentration. In addition to glycine-surface H-bonds, glycine mole-
cules form H-bonds with one another. Pairings between carboxyl and
amine groups give rise to aggregates with diverse morphologies, such
as chains and clusters. Compared to bulk solutions, the probability of
finding a chain of 10 glycine units is enhanced by at least 10° times
due to the increased concentration resulting from adsorption.

We also find a positive correlation between the formation of long
chain and an ordered pattern of glycine adsorption. Finally, simula-
tions show that glycine molecules that belong to long chains have a
lower number of solvation-shell waters, indicating that hydration
hinders the formation of chains.

RESULTS

Adsorption of a single glycine molecule

We calculated the free energy surface (FES) of the zwitterionic forms of
a single glycine (GLY) and GLY-GLY (GG) dipeptide (Fig. 2) The zwit-
terionic form is selected because it is stable at pH 7. Two collective
variables (CVs), Z and Oy, are applied to describe the binding configu-
rations of the glycine. They represent the distance between surface
oxygen and the center of mass of the glycine, and the molecule’s out-
of-plane orientation, defined as the angle between the surface normal
and the NC vector, where N and C atoms are from the terminal amine
and carboxyl groups (Fig. 2B). The one-dimensional (1D) FES shows
that the free energy is lower at the surface than in the bulk for both
glycine and GG dipeptide with a free energy difference of 4 k; T' (Fig.
2A), indicating a strong affinity between amino acids and the alumina
surface. At Z = 0.32 nm, the global minimum of the 1D FES and the
closest to the surface, the glycine is oriented parallel to the solid surface,
simultaneously donating and accepting H-bonds to and from the sur-
face through the amino (N terminus) and carboxyl group (C terminus)
(fig. S5). Similar configurations have been observed in density func-
tional theory (DFT) calculations and experimental nuclear magnetic
resonance spectra for glycine adsorption at silica surfaces, highlighting
the importance of H-bonds with oxide surface for the adsorption
(44, 45). Such orientational constraints help the formation of stable as-
sembly states and have been observed in the crystal structures of small
molecules (46, 47). H-bonds between amino acids and surface are ex-
pected to stabilize the transition states in the condensation reactions.

Wang et al., Sci. Adv. 11, eadt4151 (2025) 11 April 2025

The second valley at Z = 0.4 and 0.5 nm represents configura-
tions in which only the N terminus or C terminus of the molecule is
H-bonded with the surface, but not both. This valley of the GG di-
peptide is wider and deeper than that of glycine, indicating that the
GG dipeptide is more likely to be perpendicular to the surface (Fig. 2,
D, E H, and]). Such configurations are essential for surface-catalyzed
peptide formation because the newly formed peptide bond is moved
away from the surface to avoid hydrolysis. In addition, by freeing space
on the surface, reaction products do not competitively inhibit bind-
ing of additional reactants.

To characterize the orientational propensity of the bound con-
figurations, we calculated a 2D FES by complementing the distance
from the surface, Z, with a second CV, 6 (Fig. 2, G and H), and
reweighting molecular configurations along the biased trajectory
before computing the histograms. The affinity of N-terminal ad-
sorption is higher than that of C-terminal adsorption by several
kg T, which is consistent with previous reported results that positive
ions have stronger affinity than negative ions (39). For pure water, at
the a-alumina/water interface, water donates stronger H-bonds to
the surface and accepts weaker H-bonds from surface OH groups at
neutral surface in neutral solutions, i.e., pH 7 (48, 49). N-adsorption
can also attract protons of the amine groups, increasing its nucleo-
philicity, although quantitatively estimating proton affinity to amine
groups or surface OH groups is difficult because the pK, (where K,
is the acid dissociation constant) of surface OH groups (50) and how
the interfacial environment affects water’s pK, (51-53) are still un-
clear. Despite this uncertainty to proton affinity, the adsorption con-
figurations observed in our simulations support a promising picture
of surface-induced amino acid condensation reactions at the a-
alumina(0001) surface.

Adsorption and interaction of multiple glycine molecules
Amino acid condensation reactions cannot occur with a single gly-
cine molecule. To investigate interactions between amino acids at
the alumina surface, we conducted unbiased MD simulations con-
taining 20 glycine molecules on each side of alumina surfaces. When
multiple glycine molecules are present, they accumulate at the inter-
face. On average, 15 molecules adsorb at the surface, leading to a
higher local number density than that in the bulk, in agreement with
the adsorption free energy of a single glycine molecule discussed
above. What is more, the higher glycine concentration at the surface
further increases the affinity of glycine for the surface by an additional
2 kT (fig. S4), indicating that there are interactions between gly-
cine molecules that pull glycine from the bulk to the surface. Al-
though the dynamics of glycine adsorption is beyond the scope of
the work, glycine molecules need to stay adsorbed for a certain pe-
riod of time to be catalyzed in the condensation reaction. Our simu-
lations show that on average the residence time for glycine is 65 ns,
with some molecules staying adsorbed for up to 100 ns (fig. S6).
Since the total unbiased simulation time is only 100 ns, the actual
residence time could be longer.

The pattern of adsorbed glycine monomers in simulations shows
that they are not isolated at the alumina surface; instead, they can form
long chains via H-bonds between the carboxyl and amine groups of
two glycine monomers (Fig. 3A). Our hypothesis is that such con-
figurations are the precursors to peptides because there are many
contact amino acid pairs, which enhance the possibility of the con-
densation reactions and the formation of long peptide chains. To
investigate the pattern of adsorbed glycine monomers, we carried
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Fig. 2. Simulation results of single amino acid adsorption. (A) 1D FES of the adsorption of a single molecule, glycine, and GG dipeptide. The free energy in the bulk is
set to 0. (B) Atomic structure of a glycine (left) and GG dipeptide (right) molecule. The gray rectangle below the molecules represents the alumina surface. (C) Color bar
for 2D FES plots (G) and (K). (D to F) Snapshots of C-adsorption, flat-adsorption, and N-adsorption of a glycine on the a-alumina(0001) surface. (H to J) Snapshots of (H)
C-adsorption, (I) flat-adsorption, and (J) N-adsorption of a GG dipeptide. (G and K) 2D FES of glycine and GG dipeptide adsorption; arrows mark the CVs of FES for different
adsorption configurations. Snapshot color code: gray, aluminum; purple, surface oxygen; white, hydrogen; blue, nitrogen; cyan, carbon; red, nonsurface oxygen. Water is
not shown in the snapshots for better visualization.
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Fig. 3. Simulation results in the presence of multiple glycine monomers. (A) Snapshot from the simulation. (B) Probability distribution of the length of glycine chain
(n) in different simulations. Each dot represents mean results from simulations, and lines are fits to the mean results. Shaded area on each dot represents the error bar,
defined by one SD of P(n) at each n. Red, green, and blue colors represent surface, thin_layer, and bulk, respectively. (C and D) Snapshots illustrating how glycine connec-
tions and chain lengths are determined. The large cyan atoms represent Ca atoms, and black lines indicate that two glycine molecules are connected when the distance
between their Co atoms is less than 0.64 nm.
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out metadynamics simulations, biasing the average coordination
number (CN) and Coulomb energy (Ug) of adsorbed glycine (addi-
tional details are discussed in the Supplementary Materials) (40, 54).
When visualizing the trajectories of metadynamics simulations, we
observed transitions among isolated adsorbed glycine monomers that
do not contact with others, linear chains, and clusters (Fig. 4). This
indicates that biasing CN and Ug, CVs that are simple to implement,
can efficiently lead to transitions between aggregation and isolation
of adsorbed glycine, although they may not be the best CVs to drive
phase transitions (47, 54). We use reweighting (43) to compute the
probability as a function of the length of an assembled glycine chain
(n) to quantify the structure of glycine aggregates. A similar CV was
applied to study the solid-liquid phase transition of NaCl (55).
Two glycine molecules are counted as connected if the distance
of their Ca atoms is less than 0.64 nm. n represents the number of
connected glycines (Fig. 3, C and D). For instance, Fig. 3C contains
five isolated glycines (n = 1), two chains with length n = 5. Figure
3D contains three isolated glycines, two chains with length n = 4
(top) and n = 8 (right).

Our simulation results do not exactly match the Flory model of
polymerization, which predicts that the number density of longer
chains decays exponentially with the chain length. We proposed a
two-segment model, based on the Flory model to mimic the auto-
catalysis or co-polymerization mechanisms (10, 56). The details of
the fitting procedure is discussed in the Supplementary Materials
(section S4.3, egs. S8 to S11). In short, when the length of glycine
chains is longer than a critical length (defined as s), a change of the
Flory P value is included in the model. Comparing the chain length
probability distribution, P(n), between simulations of surface and
bulk (Fig. 3B), at n = 10, P(n=10) for surface (1072) is at least five
orders of magnitude larger than that in the bulk (1077). Such notable
enhancement of self-assembly of glycine shows the necessity of the
oxide surface to promote the aggregation of glycine. In addition, the
behavior of surface and bulk for chains that are longer than the crit-
ical length (n > s) is the opposite: p, > p; is observed at the surface,
but p, < p, in the bulk. The former is attributed to the auto-catalysis
or co-polymerization mechanisms as discussed above, while the latter
is due to depletion. When large glycine clusters form from aqueous
solutions, phase separation occurs, decreasing the glycine density in
the liquid phase, which increased the free energy required for the
growth of the cluster (54, 55).

Here, we observed these patterns for adsorbed glycine molecules:
isolated, linear chain, and cluster (Fig. 4). In the isolated pattern,
glycine moieties do not contact each other and thus do not form ag-
gregates. However, due to the definition of continuous CN, the cor-
responding CN value is greater than zero, even in the absence of
contacts. The linear chain pattern refers to connected glycine moieties

each donating H-bonds from its N terminus and accepting H-bonds
atits C terminus. A perfect linear chain is expected to be characterized
by CN = 2 with fluctuations due to branching defects. The cluster
pattern can be either amorphous or ordered. We observed anti-
parallel two-strand chains, similar to the a-glycine solid structure
(Fig. 4C) (47). Although the detailed phases of glycine on a surface
are not the topic of the manuscript, simulation results show that
adsorption of glycine on the surface promotes the formation of
solid-like aggregated states. However, in solution, the dissolved
states are greatly favored, consistent with other published reports
(31, 40).

We also compare the growth of glycine clusters with classical
nucleation theory (CNT). For simulations of both surface and bulk,
we observed a free energy increase during growth. We do not
observe a critical radius and a decrease of free energy during the
growth of larger clusters. Such observation is beyond what CNT pre-
dicted, but still reasonable because (i) the number of glycines is too
few and may be smaller than the critical size; (ii) the depletion
reduces the stability of the solid phase, and to overcome it, the con-
stant chemical potential simulations are necessary to maintain the
concentration of glycine in the solution (55); (iii) the shape of mol-
ecules is ignored in CNT, but the growth of glycine clusters is
anisotropic: forming linear chains, cluster with anti-parallel strands
(similar to the solid a-glycine), and parallel strands (similar to the
solid y-glycine). We believe that the behavior of glycine assembly is
expected to be between the Flory model and CNT. The critical size
for clusters predicted by CNT is too large to form in dilute aqueous
solutions; however, before reaching that point, there is a subcritical
point that requires less free energy for the growth of glycine clusters
before reaching the critical size, equivalent to the observation of self-
acceleration (p, > p;) mechanism.

To investigate how glycine local density and the 2D nature of
adsorbed glycine affect the chain growth, we designed additional
simulations without alumina surface, but all glycine molecules are
restrained within a thin layer (fig. S2) with a glycine density compa-
rable to that observed at the surface (fig. S7). Metadynamics results
show that their P(n) and FES (fig. S9) are also similar (Fig. 3B), indi-
cating that the primary role of the surface in promoting the assembly
of glycine is to enhance the local glycine density. We notice that the
error bar of P(n) for the thin_layer is relatively smaller than that for
surface, because of much better sampling. Such observation is main-
ly due to the slow dynamics of glycine at the alumina surface.

The high density of glycine at the surface arises from strong in-
teractions between glycine and the alumina surface, and these
strong interactions lead to the slow dynamics of glycine on the sur-
face (48). Slow dynamics make sampling difficult, and large errors in
P(n) result for high n. A sharp decrease of P(n=14) and P(n=15)

Fig. 4. Snapshots of patterns of adsorbed glycine molecules on the alumina surface. Only the surface oxygen atoms are shown (purple). Blue lines represent the
boundary of the simulation box. (A to C) Isolated, linear chain, and cluster pattern, respectively.
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could lead to the underestimation of the Flory probability after the
critical size, p,.

When examining each independent simulations, in one replica,
P(n=14) and P(n=15) are notably lower than other runs (fig. S12).
Despite such possible underestimation, p, of the surface is still high-
er than that of the bulk (Table 1); that is, at the surface, the decay of
probability to observe long chains is slower, indicating that surface
is necessary for chains longer than 15 or 20 to form. This slow decay
of P(n) with n at the surface suggests that interactions with surfaces
can also notably contribute to the growth of glycine assemblies, es-
pecially for long chains.

Upon adsorption, the structure of the surface induces the forma-
tion of ordered glycine patterns. We first examine the azimuthal orien-
tation (¢) of adsorbed glycine molecules, defined by the angle between
the projection of NC vector onto the surface and X, the (1010) direc-
tion of the surface. The vector of a glycine is NC = (xyc, Yne> Znc)
and ¢ is the angle between vectors (*nc> ¥Nnc) and (1, 0) in the coun-
terclockwise direction. We calculated P(¢) without reweighting the
metadynamics because reweighting may overweight certain structures
and make it difficult to evaluate the overall sampled configurations.
In simulations of thin_layer, there is no surface to align glycine mole-
cules and there is no preferred orientations. However, the hexagonal
structure of alumina affects orientations. We calculate P(¢ | n), the
probability of glycine orientation when it belongs to a chain with
length n, to combine the information of glycine orientation and
chain length. For isolated adsorbed glycine, P(¢ | n=1) shows six
peaks following the direction of surface oxygen atoms (Fig. 5A). In
addition, although not well sampled, the surface also leads to pre-
ferred values of ¢ = 90°, 210°, and 330°, which may be induced by
the orientations of in-plane surface OH groups, similar to the ad-
sorption of pure water (48). As the glycine chain length grows, P(¢)

becomes more uneven, indicating that long chains have a stronger
preference for certain orientations. In other words, surface structures
align the orientation of adsorbed glycine, and such alignment effect
is stronger in longer glycine chains.

Another effect of alumina surfaces is the specific position of
adsorption. Adsorbed glycine molecules are not homogeneously
distributed on the surface but prefer to be adsorbed at the triangu-
lar sites formed by three surface aluminol groups. The number
density of carboxyl oxygens and amine nitrogens is notably lower
outside these triangular sites (Fig. 6, E and F). The carboxyl oxygen
atoms are positioned on top of one or between two surface oxygen
atoms, accepting one or two H-bonds from aluminol groups (Fig. 6,
A and B). Amine nitrogens prefer to be in the center of triangular
sites but usually do not donate all three H-bonds to aluminol groups
(Fig. 6, C and D). These configurations are geometrically similar to
those observed in the adsorption of simple ions, such as F~ and
Na* (39, 48), because amine and carboxyl groups contain negative
and positive charges, respectively. Such surface-templated adsorp-
tion promotes ordered patterns of adsorbed glycines, limiting their
motion and facilitating the formation of extended glycine chains.
When glycine molecules are absent, interfacial waters strongly
H-bond with the surface (48), but adsorbed glycines lose part of
their own hydration shells and replace those surface-bound waters.
As a result, the electrostatic interactions between glycine and the
surface must be strong enough to compensate for the loss of inter-
facial water.

Role of water during glycine adsorption

Since water is present in the glycine solution and contacts the alu-
mina surface, its role during the growth of glycine chains should not
be ignored. Because of the difficulty of calculating high dimensional

Table 1. Fitting results from metadynamics simulations biasing CN and U¢. The parameters k and s are obtained from fitting as discussed in the
Supplementary Materials. The probability p in the Flory model in Eq. 1 is given by p = k. s represents the critical chain length, where p, is different from p,due

to self-assembly for surface and thin_layer, or depletion in the bulk.
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A Chain length, n=1
90°
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B Chain length, n=8

270°

C Chain length, n=15
90°

270°

P(¢|n)

Fig. 5. Probability distribution of a glycine molecule’s azimuthal orientation (¢) given a certain length of chain (n) it belongs to. (A, B, and C) represent chain
lengths of n = 1, 8, and 15, respectively. The red and green curves are calculated from metadynamics simulations of surface and thin_layer, respectively. Shaded areas
represent the error bar, defined as one standard deviation. Completed plots for n = 1 to 15 are provided in fig. S13.
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Fig. 6. Interaction between adsorbed glycine with surface aluminol groups. In the snapshots, glycine can accept one (A) or two (B) H-bonds from AIOH groups using
its carboxyl group, or donate one [(C), bottom], two [(C), top], or three (D) H-bonds using its amine group. (E and F) 2D density distribution of carboxyl carbon (E) and
amine nitrogen (F) atoms at the a-alumina(0001) surface within a unit cell. Purple and gray dots in the plots represent surface oxygen and aluminum atoms, respectively.

FES, water is not included in the CVs in metadynamics simulations.
However, previous studies have shown that water plays a critical role
in the nucleation of NaCl from aqueous solution (40, 55). Moreover,
committor analysis has revealed that water is the reaction barrier of
ion pairing in aqueous solutions (57, 58), suggesting the necessity of
water removal during the growth of glycine chains.

To quantify contributions from water to glycine assembly growth,
we calculate the probability distribution of coordination number of
water (CN,,,) and surface aluminal AIOH groups (CN,) for each
glycine in a chain of a given length [P(CN,, + CN | n)], as shown
in Fig. 7. Surface oxygen can also coordinate with glycine and
CNg, = 0 in simulations thin_layer and bulk. Water and surface is
considered coordinated if its oxygen is within 0.35 nm of the amine
nitrogen or carboxyl oxygen atoms.

The metadynamics trajectories are treated as unbiased without any
reweighting. In all three environments, surface, thin_layer, and bulk,
isolated glycine (n = 1) has the highest coordinated water except for
some # values, likely due to the limited sampling of configurations. As
chains grow, the average water CN of all glycine (CN,, + CN,) de-
creases, indicating that glycine assembly requires the removal of wa-
ter. On average, each glycine needs to remove three or four water
molecules as chain lengths increase to #n = 15 from isolated. This ob-
servation could explain why the alumina templating effects do not
notably aid the assembly of glycine: The hydrophilic surface hinders
water removal (48). The oxygen coordination contributed by AIOH
(CNg,) does not change with 7, indicating that the removal of water
(CNo,,) but not aluminol affects the assembly of glycine monomers
(fig. S14).

Finally, P(CNg,, + CNg,) and CNg,, + CN estimate the contri-
bution of water during glycine chain formation. The most important

Wang et al., Sci. Adv. 11, eadt4151 (2025) 11 April 2025
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factor is expected to be the behavior of the bridge water molecules,
defined as water that connects with more than one glycine chain
(57, 58). To investigate the behavior of those bridge water molecules,
additional simulations with CVs including their contribution are
necessary. Proper dimension reduction of CVs is needed in fu-
ture works.

DISCUSSION

Previous DFT calculations have demonstrated that at silica surfaces,
surface OH groups facilitate amino acid condensation reactions by as-
sisting proton transfer or stabilizing charged species during the reac-
tion (59, 60). Despite their critical role, these processes are challenging
to investigate due to the limited understanding of the proton affinity
of alumina(0001) surfaces. Two possible proton transfer processes
could occur: AIOH = AlO™ + H* (pK,)) and AIOH] = AIOH + H*
(pK,p)- pK,, is predicted to be approximately 0 based on both DFT-
MD simulations and experimental measurements, while estimates for
pK,, range from 13 to 22. A low pK,, suggests that the alumina(0001)
surface exhibits a comparable propensity to adsorb and release pro-
tons, aligning with most experimental observations (50, 61, 62). Con-
versely, a high predicted pK,, implies that rendering the surface
negatively charged is extremely difficult, as observed in most MD
simulations (50, 63, 64).

Although this issue lies outside the scope of this work, accurately
determining the pK, of alumina and exploring its impact on glycine
adsorption at the DFT level would aid in developing future models.
Given that this study employs classical MD simulations, modeling
proton transfer and pH effects on surface protonation states remains
a great challenge. For simplicity, we assume a neutral solution with-
out additional H" or OH™ at pH 7, and a neutral charged alumina
surface, consistent with previously reported pK,; and pK,, values.

To explain why P(n), the probability of long chains, and p, the
Flory probability, are similar for the surface and thin layer despite
strong interactions between glycine and the surface, we propose a
competition between enthalpy and entropy. Glycine adsorption,
driven by electrostatic interactions, is enthalpy-favored. However,
the strong interactions restrict the position and orientation of ad-
sorbed glycine molecules, resulting in an entropy penalty (40, 65).
The similarity in P(n) and p suggests that the enthalpy and entropy
effects offset each other at the alumina surface. Nonetheless, the
higher p, observed for the surface compared to the thin layer indi-
cates that, in addition to the higher local concentration, the templat-
ing effects of the alumina surface contribute to the self-assembly of
H-bonded glycine chains.

Finally, the role of water in amino acid condensation reactions
warrants further investigation. Under dry conditions, increasing
the temperature promotes the reaction by removing by-product
water (19). Previous studies emphasize the importance of wetting-
drying cycles in amino acid adsorption (8). These findings, sup-
ported by experiments and MD simulations, underscore the need to
quantify water’s role during the reaction. However, modeling the
slow, out-of-equilibrium wetting-drying cycle is challenging and
requires carefully designed enhanced sampling MD simulations.
Here, we focus on the correlation between the removal of bridging
water and the aggregation of adsorbed glycine, using the CV for the
number of bridging water molecules. While this CV may not fully
capture water-glycine interactions (40), additional CVs involving
solvent water are needed. Machine learning-based MD simulations
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and data analysis could provide deeper insights into the role of wa-
ter (47).

Here, using classical MD simulations with metadynamics, an en-
hanced sampling technique, we studied glycine adsorption and as-
sembly at the water/a-alumina(0001) interface. Simulations reveal
how the solid surface promotes the adsorption and self-assembly of
glycine, as a model of amino acid polymerization, a crucial step in
forming bioactive molecules from abiotic building blocks. The amine
and carboxyl groups of glycine and GG dipeptide can form H-bonds
with the surface, showing an aflinity of about 4 k; T, thereby increas-
ing the local density of glycine. Adsorbed glycine can interact with
each other via H-bonds and form long glycine chains. These long
chains have stable structures with slow dynamics, increasing the prob-
ability for glycine to contact and undergo condensation reactions. By
fitting to a modified Flory model, we find that the probability of
forming a chain with 10 glycine molecules is at least 10° times higher
at the surface than in bulk water. Our findings show that adsorbed
glycine at the alumina surface prefers specific surface sites and adopts
preferred orientations following the lattice direction of surface oxygen
atoms, particularly in long chains with high n. Water also plays an
important role. Glycine in long chains has fewer coordinated water
molecules than it does as an isolated monomer in solution, indicating
the necessity of water removal to form long chains during the assem-
bly of adsorbed glycine. Although questions pertaining to the thermo-
dynamics and kinetics of interfacial peptide condensation reactions
necessitate further investigations using quantum mechanical ap-
proaches, this work reveals how oxide surfaces promote pre-reaction
assembly and accelerate the prebiotic formation oflife’s building blocks
because of high local density and surface templating effects.

MATERIALS AND METHODS

The alumina configuration is described by Lutterotti and Scardi (66).
The simulation box is hexagonal with a = b & 3.9 nm, ¢ = 40 nm,
a =P =90° and y = 120° containing 8 X 8 unit cells (fig. S1, A and
D). Similar to our previous work (39), the a-alumina(0001) surface
is covered by aluminol (Al-O-H) groups with the C3 symmetry (fig.
S8B) and is set in the middle of the simulation box with a thickness
of about 4 nm. Both sides of the alumina were OH-terminated and
contain water with a thickness of about 10 nm on each side. The
vacuums on both sides are about 9 nm thick to maintain the simulation
at the pressure of water-vapor coexistence. In unbiased simulations,
there are 8062 water molecules and 20 glycine molecules on each
side, making the initial bulk concentration of glycine 0.28 M. Motion
propagation is calculated using the leapfrog algorithm. The oxide
structure in all simulations is fully flexible. In the production runs,
the NP, L, T ensemble is applied, that is, constant pressure is main-
tained in the X and Y directions at 1 bar using the Parrinello-Rahman
barostat (67, 68), and the length of the simulation box perpendicular
to the alumina surface (Z) is fixed. The temperature is maintained at
300 K using the velocity rescaling with a relaxation time of 0.1 ps
(69). Water bond lengths and bond angles are fixed using the LINCS
algorithm (70). Short-range interactions are cut off at 1 nm. Long-
range electrostatics are evaluated with the particle-mesh Ewald method.
The simulation time of unbiased simulation is 100 ns (71).

The zwitterion forms of glycine and the GG dipeptide are used in
this work (fig. S1C). The CHARMM?27 force field is applied to ami-
no acids (72, 73). The ClayFF force field (74) and the SPC/E model
(75) are used for the alumina and water, respectively.
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All MD simulations are carried out using the GROMACS 2016.3
package (76) with PLUMED 2.3 (77). Files of GROMACS and
PLUMED are available at https://github.com/ruiyuwangwork/GLY _
Alumina. Additional details for metadynamics, including imple-

mentation of CVs, are described in the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Supplementary Text

Figs.S1toS14
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