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Amide bond formation, the essential condensation reaction underlying peptide synthesis,
is hindered in aqueous systems by the thermodynamic constraints associated with dehydra-
tion. This represents a key difficulty for the widely held view that prebiotic chemical
evolution leading to the formation of the first biomolecules occurred in an oceanic envi-
ronment. Recent evidence for the acceleration of chemical reactions at droplet interfaces
led us to explore aqueous amino acid droplet chemistry. We report the formation of dipep-
tide isomer ions from free glycine or L-alanine at the air-water interface of aqueous micro-
droplets emanating from a single spray source (with or without applied potential) during
their flight toward the inlet of a mass spectrometer. The proposed isomeric dipeptide ion
is an oxazolidinone that takes fully covalent and ion-neutral complex forms. This structure
is consistent with observed fragmentation patterns and its conversion to authentic dipep-
tide ions upon gentle collisions and for its formation from authentic dipeptides at ultra-
low concentrations. It also rationalizes the results of droplet fusion experiments that show
that the dipeptide isomer facilitates additional amide bond formation events, yielding
authentic tri- through hexapeptides. We propose that the interface of aqueous microdrop-
lets serves as a drying surface that shifts the equilibrium between free amino acids in favor
of dehydration via stabilization of the dipeptide isomers. These findings offer a possible
solution to the water paradox of biopolymer synthesis in prebiotic chemistry.

mass spectrometry | prebiotic chemistry | air-water interface | dipeptide | origin of life

Many theories on the chemical origin of life presuppose the formation of rudimentary
biomolecules (e.g., simple nucleotides, peptides, lipids) from less complex abiotic pre-
cursors through low-probability interactions in an oceanic environment (1, 2). A suite
of geochemical scenarios has been proposed to address the entropic difficulties associ-
ated with chemical synthesis starting with low concentration precursors; they include
hydrothermal vents (3-5), drying beaches (6), hot springs (7), meteorites or icy bodies
(8-11), atmospheric aerosols (12, 13), and mineral surfaces (14-20).

In addition to these challenges, the formation of biopolymers (viz. oligonucleotides,
proteins, polysaccharides) necessary to create and sustain living systems requires con-
densation (i.e., water loss) reactions between monomers, which chemical equilibrium
makes decidedly unfavorable in water. The ubiquity of both water and condensation
reactions in the prebiotic formation of biopolymers (as well as the necessity of water
for life processes), the so-called water paradox (21), suggests highly specific conditions
and/or the presence of robust and generalizable processes capable of facilitating such
chemistry prior to the appearance of proto-enzyme catalysts. This point has been
addressed through a variety of approaches which seek to explain the global or localized
removal of water from a system to favor condensation (16-20, 22-27).

Of particular interest is the observation that the air—water interface of monolayers
and thin films (28-31), inverted micelle acrosols (12), Leidenfrost droplets (32-36),
and charged or neutral microdroplets (37—46) all reveal vastly different chemical kinet-
ics compared to bulk, with rate constants increased by up to six orders of magnitude
(47, 48). This interfacial acceleration phenomenon has been reported for prebiotically
relevant reactions including condensation (12, 21, 29, 49-53), redox (54, 55), nucleo-
philic addition (41, 43), and ultraviolet-initiated photopolymerization reactions (56).
The observed rate constant is associated with high surface-to-volume ratios, and it has
been attributed to the partial solvation of species at the interface (47, 48, 57, 58) along
with the high electric field at the air—solvent interface (55, 59-61). Other factors such
as high degrees of mass transfer and mixing (62-64), ordered molecular orientation
(38, 65), extremes in surface pH (41, 43, 66, 67), and increased reagent confinement
(63, 68) might also contribute to the observed reaction acceleration in special cases.
This topic and its applications have been reviewed several times (47, 57, 69).

Multiple studies have described dehydration reactions occurring at the air-water
interface of aqueous microdroplets (25, 29, 49, 51, 52, 70). Others have reported that
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the free energy of some endothermic reactions in bulk solution
are negative when reagents are at the surface of the droplet,
leading to spontaneous conversion (49, 51, 71). Note, however,
that all of these prior studies of prebiotic microdroplet reactions
utilized additional means to adjust equilibrium in favor of
the condensation processes; these means included the use of amino
acid esters (29), stabilization using divalent metal cations (29, 52),
and/or addition of high concentrations of phosphoric acid (49, 51,
52, 70). Here, we take advantage of the unique characteristics of
aqueous microdroplets containing only free amino acids, a likely
common prebiotic system akin to atmospheric aerosols or sea
spray, to demonstrate facile amide bond formation, generating
unique peptide isomers on the millisecond timescale. These
droplet-synthesized peptide isomers possess increased reactivity
with other amino acids compared to their authentic dipeptide
counterparts, as demonstrated by droplet—fusion reactions. This
reactivity provides a plausible route for the formation of the first
biopolymers in aqueous environments.

Results and Discussion

Gly and Alanine Dipeptide Formation in Microdroplets Monitored
by MS. Aqueous droplets containing only glycine (Gly) or
L-alanine (Ala) were generated by nano-electrospray ionization
(nESL; Fig. 10), and products in the spray were monitored by
mass spectrometry (MS) (S Appendix for experimental details).
The dipeptides glycylglycine (GlyGly) and L-alanyl-L-alanine
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(AlaAla), formed by the reaction of the amino acids (Fig. 1 4
and B) during the flight of the microdroplets to the inlet of the
mass spectrometer, were sought as protonated or deprotonated
species in the full scan mass spectra (Fig. 1 E-H; cf'spectra of
pure authentic dipeptides shown in S/ Appendix, Fig. S1). Elec-
trospray ionization (ESI)-MS is an established method for bulk
reaction monitoring; it can generate larger droplets (lower
surface-to-volume ratio) than nESI with negligible reaction
acceleration effects. ESI, therefore, was used to examine the
potential presence of trace dipeptides through reactions of
amino acids. No peaks at the m/z values corresponding to the
presumptive dipeptides could be detected in bulk (87 Appendix,
Fig. S2), even after a 2-h incubation of the amino acid solu-
tions at room temperature.

To investigate further the nature of the observed amino acid
reactivity in nESI droplets, the effect of both spray distance (i.c.,
distance between the nESI emitter and the inlet of the mass
spectrometer; Fig. 1C) and voltage (using a pneumatically assis-
ted variant of ESI; Fig. 1D) was investigated. The application of
an external potential was found to be unnecessary to form pre-
sumptive dipeptides (Fig. 1/). This result demonstrates the
inherent reactivity at the air—water interface of microdroplets.
Similarly, Fig. 17 shows an increase in the conversion to pre-
sumptive dipeptides (S/ Appendix, Eq. S1) with spray distance
(S Appendix, Fig. S3 for spectra), indicating a droplet-associated
reaction. The observed increase in product is likely due to a
combination of longer reaction time at the air—water interface
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Reactions, experimental setups, and spray parameter effects associated with the spontaneous generation of putative dipeptides from free amino

acids in aqueous microdroplets. A and B show condensation reactions yielding GlyGly and AlaAla from free Gly and Ala, respectively. C and D illustrate
the experimental arrangements including high voltage (HV) utilized to generate microdroplets in nESI (C) and ESSI (D). E through H show the full-scan nESI
spectra for aqueous solutions (5 mM) of Gly (£ and G) and Ala (F and H) in both the positive (E and F) and negative ion (G and H) modes. The observed pre-
sumptive dipeptide peaks are labeled in all cases. / and / summarize the effects of the spray distance and voltage, respectively, on the positive ion conver-
sion ratio to GlyGly. Conversion ratios were calculated using the average of 50 scans in triplicate. Error bars indicate SDs.
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MS/MS Spectra of Standard Reference Dipeptides:
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Fig. 2. Comparison of nESI-MS/MS spectra obtained for the standard (Top Row, A-D) and droplet-synthesized (Bottom Row, E-H) dipeptides. Results are
shown for both protonated (A and E) and deprotonated (B and F) GlyGly, as well as protonated (C and G) and deprotonated (D and H) AlaAla. Droplet-
synthesized spectra (Bottom Row) were obtained by spraying pure amino acid solutions in water, whereas standard spectra (Top Row) were acquired from
aqueous solutions of commercial dipeptide standards. Annotated in blue are the unique peaks in the spectra of the standard compounds, while the unique

reaction product fragments are in pink.

and continued droplet fission events (72), which occur spontane-
ously but are enhanced by the application of a potential.

Dipeptide Isomers Revealed by MS/MS. Tandem MS (MS/MS)
analysis of the droplet-synthesized products was performed to
verify their identity. Ions of interest (both polarities) were mass
selected and subjected to ion trap collision-induced dissociation
(IT-CID). Protonated authentic GlyGly, when fragmented, gave
the product ions reported in common MS/MS databases (Fig.
2A4) (73). In contrast, several unique peaks were present in the
product ion spectrum of the droplet-synthesized GlyGly prod-
uct, while some of the fragments expected for the authentic

compound were not observed (Fig. 2E). Similarly, protonated
authentic AlaAla fragmented as expected (73) (Fig. 20), while
the protonated droplet-synthesized AlaAla showed additional
peaks (Fig. 2G). Similar comparisons were carried out for
authentic and droplet-synthesized compounds for deprotonated
GlyGly (Fig. 2 Band F) and AlaAla (Fig. 2 D and H).
High-resolution MS (HRMS) was used to determine the exact
mass and predict the chemical formula of the microdroplet-
generated species. In all cases, the values found match those of
the authentic dipeptides, confirming the microdroplet-mediated
formation of dipeptide isomers. IT-CID followed by HRMS
analysis was used to identify the diagnostic product ions for the
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Fig. 3. Differences on the MS/MS spectra of the isomeric dipeptide species before (Bottom) and after (Top) collisional heating (30 s at CE < fragmentation
threshold). Results for both the protonated (A) and deprotonated (B) GlyGly isomer, as well as the protonated (C) and deprotonated (D) AlaAla isomer, are
shown. Annotated in blue are the unique peaks present in the spectra of the isomeric compound prior to heating, which disappear partially or completely
after collisional heating. Annotated in pink are the unique standard dipeptide fragments which appear in the isomer spectra after collisional heating.
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Fig. 4. Two-dimensional plots of m/z vs. drift time of aqueous solutions with
different proportions of Gly and GlyGly (concentration of Gly increases from
Top to Bottom). Results for both the positive (Left) and the negative (Right) ion
mode are included. The solutions analyzed were as follows: 100% GlyGly
(A and F), 1:125 GlyGly-Gly (B and G), 1:375 GlyGly-Gly (C and H), 1:500 GlyGly-
Gly (D and /), and 100% Gly (£ and J). Average drift times of the protonated
isomeric and standard species were determined as 2.92 + 0.02 ms and
3.31 + 0.01 ms, respectively. For the deprotonated species, the average drift
times were 1.54 + 0.01 ms (isomer) and 1.71 + 0.02 ms (authentic). Note that
IMS conditions are substantially different for the two polarities as they were
optimized separately to maximize resolution in drift time separation.

protonated and deprotonated authentic and isomeric dipeptides

(SI Appendix, Table S1).

In-Trap Isomerization of Dipeptides by Collisional Heating. To
compare the stability of the authentic and droplet-synthesized
dipeptides, the relationship between the relative abundance of
each product ion as a function of collision energy (CE) was visu-
alized using breakdown curves (SI Appendix, Fig. S4). In all four
cases (i.e., for protonated and deprotonated GlyGly and AlaAla),
it was observed that the isomeric dipeptides fragmented more
readily than the corresponding authentic compounds. It should
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be noted, however, that quantitative thermochemical measure-
ments cannot be made from these breakdown curves due to the
relatively slow ion activation process and the limited capabilities
to control ion kinetic energy in IT-CID (74).

Isomerization of the droplet-synthesized dipeptides was
observed during collisional heating at CE values just below the
fragmentation thresholds. Slow collisional heating is a well-
known method of imparting internal energy to mass-selected
ions via numerous low-energy collisions with the inert bath gas.
In some cases, this can lead to the isomerization of the isolated
species (75-77). With heating, the fragmentation profiles of
the protonated and deprotonated droplet-synthesized dipepti-
des increasingly matched those of the authentic dipeptides
(Fig. 3). By contrast, no significant changes in the spectra of
the protonated or deprotonated authentic dipeptides were
observed following collisional heating (S/ Appendix, Fig. S5).
The observed slow heating-induced conversion suggests the
presence of low-energy pathways leading from the dipeptide
isomer ions to the authentic dipeptide structures, as discussed
further below.

Separation of Dipeptide Isomers by IMS. Ion mobility spec-
trometry (IMS) coupled with MS was used to evaluate struc-
tural differences between the authentic dipeptides and the
droplet-generated isomers using a series of aqueous solutions
with various Gly:GlyGly ratios (for details, ST Appendix). When
a solution of pure authentic GlyGly was sprayed and analyzed
in positive ion mode, the two-dimensional plot of drift time vs.
m/z revealed a high intensity feature at a drift time of ca.
3.3 ms and an m/z value of 133.061 (Fig. 44), corresponding
to protonated GlyGly. As the proportion of Gly was increased,
an additional feature at the same m/z value, attributed to the
microdroplet-synthesized dipeptide isomer, appeared and
increased in intensity (Fig. 4 B-D). This ion showed a lower
drifc time (ca. 2.9 ms) than authentic protonated GlyGly.
Using Gly in 500X excess relative to authentic GlyGly, the sig-
nal for this unique species became dominant (Fig. 4D), and it
is the only feature present when pure Gly is sprayed (Fig. 4E).
The lower drift time of the GlyGly dipeptide isomer suggests a
more compact structure compared to the authentic GlyGly. A
similar trend can be observed when the same experiment is per-
formed in the negative ion mode (Fig. 4 F~)). The drift times
for the positive ions were remeasured as collision cross-sections
after calibration of the IMS instrument, and the result for
authentic GlyGly was 126.7 + 0.1 A, while the isomeric
dipeptide was 120.8 + 0.2 A%, These findings provide strong
evidence for the presence of a more compact microdroplet-
synthesized isomeric species compared to the authentic dipep-
tide ions.

Peptide Extension Reactions Using Droplet Fusion. To probe
the reactivity of the microdroplet-synthesized isomers, we uti-
lized droplet fusion (Fig. 5A), an experiment that simulates
water droplet collisions in the atmosphere or in sea sprays. This
technique has been implemented previously to study acid-
induced unfolding and hydrogen—deuterium exchange of pro-
teins in microdroplets (78), as well as demetallation reactions
(37). Experimental details are included in the ST Appendix.
Upon the collision of two Gly spray plumes (nESI, + 2 kV
spray voltage), the mass spectrum revealed the formation of
protonated triglycine (Gly;) and tetraglycine (Gly,) (Fig. 50).
The IT-CID MS/MS fragmentation profiles of these ions agree
with the corresponding authentic spectra (S/ Appendix, Fig. S6,
¢fAand B, C, and D), suggesting that the isomeric dipeptides
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Fig. 5. Droplet-fusion experiment (A), proposed isomer chain extension reaction from structure 7 (B), and resulting full-scan mass spectra (C-F). When
aqueous solutions of Gly are sprayed from both nESI emitters (C), di-, tri-, and tetrapeptides are observed in the mass spectrum. Similarly, if both emitters
are used to spray GlyGly (£), only tetra and hexapeptides are obtained, as would be expected. When spraying Gly from one nESI emitter and GlyGly from
the other (D), a range of oligomers up to hexapeptide species is detected. Finally, when spraying mixtures of Gly and Ala from both emitters, all possible
homo- and heterostructures are represented in the m/z values observed up to tripeptides (F). The generated peptide species are highlighted in all cases.
During droplet fusion, the unique microdroplet-synthesized dipeptide isomers (either oxazolidinone as shown or as an ion-neutral complex) serve as chain
extension species that undergo further condensation reactions with other amino acids or peptides to yield authentic higher-order peptides (B).

are forming authentic higher-order peptides. GlyGly spray
plumes generated protonated Gly4 and hexaglycine (Glye) (Fig.
5D), whereas colliding a spray of Gly and a spray of GlyGly
produced all peptides from Gly; to Glyg (Fig. 5E). As expected,
there is a greater abundance of Gly; and Glys compared to
pentaglycine (Glys) and Glys, which require at least two reac-
tion events. Note that a Gly and GlyGly mixture, sprayed from
a single nESI capillary, generates a trace amount of Glys,
although there are no higher-order peptide products (87
Appendix, Fig. S7). Similar results are obtained in the negative
ion mode (87 Appendix, Fig. S8).

Using Ala in each emitter, dipeptide isomers as well as tri-
(Alaz) and tetra-L-alanine (Alay) (SI Appendix, Fig. S9) are
obtained. As with Gly, the fragmentation profiles of these larger
peptides match those of the authentic compounds (87
Appendix, Fig. S10). Finally, spraying a mixture of Gly and Ala
from both emitters yielded protonated GlyGly and AlaAla iso-
mers, Gly; and Alaj, as well as Gly,Ala and GlyAla, heteropep-
tides (Fig. 5F SI Appendix, Fig. S11 for MS/MS spectra).
Notably, based on the MS/MS spectra, the droplet fusion reac-
tion between Gly and Ala seems to favor the formation of
GlyAla over AlaGly (¢f SI Appendix, Fig. S11 A-C). No GlyAla
or AlaGly dipeptides were formed from a single emitter nESI
spray of the mixture.

There are several factors that may contribute to the success
of these droplet fusion reactions. The increased number of
microdroplet collisions should enable a greater number of fis-
sion events after the droplets have collided, resulting in smaller
droplets with greater surface-to-volume ratios. Increased colli-
sions could also provide enough turbulent force to perturb the
droplet surface (without fission) thereby enabling a greater
degree of solvent evaporation, which is typically negligible dur-
ing the flight time of aqueous microdroplets (72, 78). Other

phenomena involving the interactions of the strong interfacial
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electric fields upon droplet collision may also contribute to the
observed reactivity (79). Importantly, these results suggest an
increased and unique reactivity of the synthesized isomeric
dipeptides compared to their standard counterparts, a feature
that may be significant with respect to peptide formation and
extension in prebiotic environments.

Insights into Mechanism. The observed dipeptide isomers
could be generated through two pathways, as follows: 1) accel-
erated formation of the authentic dipeptide product at the
air—droplet interface where it then isomerizes and/or 2) a
unique mechanism of amide bond formation between free
amino acids at the droplet surface that directly forms the iso-
meric product. The results of the MS/MS analysis and colli-
sional heating of the authentic dipeptides (S/ Appendix, Fig.
S5) suggest that they are incapable of isomerizing to any mean-
ingful extent, favoring the second, more direct, pathway. How-
ever, these results correspond to the analysis of the authentic
species at micromolar to millimolar concentrations, which dis-
proportionally represent the molecules present in the bulk por-
tion of the microdroplets rather than those at the surface.
Therefore, to assess differences in the behavior of the authen-
tic dipeptide when at the droplet surface vs. bulk, we per-
formed identical nESI-MS/MS experiments as described above,
albeit using 10 pM aqueous solutions of authentic GlyGly and
AlaAla, expecting that the significantly lower concentration
would allow for interrogation of a larger proportion of the
molecules at the droplet surface. Under these conditions, the
fragmentation profiles of the authentic dipeptides represent a
combination of those from the corresponding authentic and
isomeric species (SI Appendix, Fig. S12), suggesting that the
detected isomeric dipeptide can be formed from the authentic
dipeptide at the air—droplet interface. These results imply that
the microdroplet reaction of amino acids may be producing the
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expected authentic form of the dipeptide, but if so, it then
isomerizes, rapidly yielding the detected and more compact iso-
meric species, with both processes occurring at the droplet sur-
face. The isomerization step of this proposed mechanism is
consistent with a recent molecular dynamics study that found
that particular metastable conformations of AlaAla are favored
at the air—water interface due to greater intramolecular stabiliza-
tion when the dipeptide is partially desolvated (80).

In an effort to determine a structure for the dipeptide iso-
mers, several factors were considered based on the experimental
findings which require 1) that the isomer have a more compact
structure than the authentic dipeptide, 2) that there exists plau-
sible interconversion pathways between the authentic and iso-
meric structures, 3) that the isomer structure be consistent with
observed fragmentation profiles, and 4) that there be a favored
route for chain extension to give higher order peptides from
the isomer. Many attempts were carried out to deposit
microdroplet-synthesized material for further characterization,
although none were successful per NMR or Raman spectro-
scopic analysis of the collected product (S/ Appendix, Table S2
for descriptions and discussion of collection experiments).

Based on our empirical observations and consideration of sev-
eral plausible isomeric structures (SI Appendix, Table S3), we
suggest that the microdroplet-synthesized isomeric dipeptides
result from amino acid condensation with intramolecular cycliza-
tion to give 5-membered oxazolidinones. The resulting isomeric
dipeptide ions exist as highly favorable ion-neutral complexes as
well as fully covalent contributing forms (Scheme 1). Five-
membered heterocycles, similar to the proposed structures, have
been suggested as important prebiotic biomolecule precursors
(81). The initial condensation reaction is likely driven by the
extremely low interfacial pH of the microdroplet surface, as pre-
viously suggested for the condensation of o-phenyl diamines and
carboxylic acids to form benzimidazoles and for the sequestration
of carbon dioxide as the carbamic acids using free amines
(41, 43, 82). Two ion-neutral complexes 2 and 3 (83, 84) are
accessible from fully covalent oxazolidinone ion 1. The coexis-
tence of covalent and ion-neutral forms of an ion has been
implicated in gas-phase reactions of Gly (85), as well as the
hydroxyl-amino exchange in protonated arginine (86), an isom-
erization process similar to that proposed here. These ion-neutral
complexes are especially stable due to the high degree of electron
delocalization (87) which covers almost the entire heterocycle.

The proposed oxazolidinone structures (ion-neutral complex
and covalent forms, 1 to 3) (Scheme 1) satisfy all four of the
criteria described above, whereas alternative possible structures
of the isomeric dipeptide are inadequate (S Appendix, Table
S4). We suggest that the compact cyclic structures are favored
at the air—water interface where compounds with larger dipole
moments can be stabilized through alignment with the high
surface electric field (79, 88), another factor that favors the oxa-
zolidinone ions (S/ Appendix, Table S5 and Fig. S13). This sta-
bilizing effect can be further enhanced through favorable
hydrogen bonding interactions in specific surface-aligned con-
formations (89, 90). Furthermore, the oxazolidinone ions pro-
vide an active carbonyl that is available for nucleophilic attack
to yield authentic higher-order peptides upon ring opening
(Fig. 5B). Such reactions in N-carboxy amino acid anhydrides,
neutral analogs of the proposed species, readily form polypepti-
des in aqueous environments (91-94).

The findings presented here demonstrate the spontaneous
generation of unique dipeptide species and authentic tri-
through hexapeptides from free amino acids in pure aqueous
microdroplets. It is noteworthy that these results also hold true
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Scheme 1. Proposed mechanism for the microdroplet-mediated forma-
tion of [GlyGly+H]" dipeptide isomers that lead to authentic [GlyGly+H]*
from free Gly. Protonation of free Gly on the carbonyl oxygen leads to
condensation with a neutral Gly molecule followed by cyclization to oxazoli-

dinone 1. This species has two ion-neutral complex forms where the
neutral is either water (2) or methylamine (3).

in solutions of moderate salinity (S/ Appendix, Fig. S14). We
suggest that these condensation reactions are promoted by the
distinctive dry environment of the air—water interface. Given
the two-dimensional hydrogen bonding network experienced
by compounds at the surface of aqueous microdroplets com-
pared to the three-dimensional network in the interior, the
air—water interface effectively serves as a low polarity drying
surface, with its molecular structure influencing reactivity of
surface-active species. Recent computations have argued a
similar point by showing that water molecules at an air—water
interface (2 to 3 molecular diameters) are characterized by an
ice-like state, denoted by a distinctive molecular density gradi-
ent and perpendicular orientation at the interface (95). Further
computational and spectroscopic results have highlighted the
importance of both the number and orientation of hydrogen
bonds on the surface activity of ions (96). Compounds oriented
along O-H bonds perpendicular to the interface may experience
a considerably greater electric field than those in the interior
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of the droplet, providing enough energy to activate chemical
bonds (79). Additionally, the difference in water content bet-
ween the surface and the bulk of the droplet, together with the
increased molecular order caused by the strong interfacial
electric field, may induce alternative protonation sites (e.g., car-
bonyl vs. amine) due to partial solvation (97) and should facili-
tate dehydration reactions between surface-active compounds.
Interfacial chemistry appears to play a crucial role in facilitat-
ing biomolecule transformations in aqueous environments, as
has been demonstrated in biphasic systems (91), cell conden-
sates, and subcompartments (98), as well as in microdroplets
(12, 13, 21, 29, 42, 51-53, 99, 100). The observed generation
of peptides from free amino acids at the air—water interface of
pure water droplets, the simplest of all prebiotic systems, sug-
gests that settings such as atmospheric aerosols or sea spray may
have provided a unique and ubiquitous environment to over-
come the energetic hurdles associated with condensation and
polymerization of biomolecules in water. Specifically, we sug-
gest that the dry interface of aqueous microdroplets may be
responsible for the dehydration required to form nucleosides,
oligonucleotides, and polysaccharides, as well as peptides.

Materials and Methods

Chemicals. Liquid chromatography-MS-grade water (Fisher Scientific) was uti-
lized for all experiments. Gly, GlyGly, Glys, Gly,, Ala, and AlaAla (all with >99%
purity) were purchased from Sigma-Aldrich. Ala; and Ala, were obtained from
Toronto Research Chemicals. All reagents and solvents were used as received.
The final concentration of all chemicals was 5 mM unless otherwise noted.

Microdroplet Formation and lonization. nES| tips were made from borosili-
cate glass capillaries (Sutter Instrument Co.; outer diameter [0.D.] of 1.5 mm,
inner diameter [1.D.] of 0.86 mm) pulled to ca. 5 um O.D. using a Flaming/
Brown micropipette puller (P-97, Sutter Instrument Co.). Solutions were ionized
with +£2 KV spray potential supplied by the mass spectrometer to a platinum
electrode placed inside the nESI capillary. The electrosonic spray ionization (ESSI)
spray emitter was constructed using fused silica lines with 100-um I.D. and
360-um 0.D. (PolyMicro), one tee assembly, one union assembly, two Nano-
Tight sleeves, and a stainless-steel capillary (IDEX Health and Science). To main-
tain the flow of reagent solution at a rate of 10 uL/min, infuse syringe pumps
(Standard Infusion PHD 22/2000, Harvard Apparatus) were utilized with gastight
syringes (Hamilton Robotics). Nitrogen was used as the nebulizing gas at
180 psi. Voltage was supplied to the syringe needle during ESSI analysis with
an external DC power supply (PMX110-0.6 A, Kikusui America, Inc.) at +2 kV.
nESI and ESSI emitters were all placed ~10 cm from the inlet of the mass spec-
trometer unless otherwise noted. To limit interfacial reactions, a droplet flight

1. H. J. Cleaves, Prebiotic chemistry: What we know, what we don't. Evolution (N. Y.) 5, 342-360
(2012).

2. J.Dong, R. A Fischer, L. P. Stixrude, C. R. Lithgow-Bertelloni, Constraining the volume of Earth's
early oceans with a temperature-dependent mantle water storage capacity model. AGU Adv. 2,
1-24(2021).

3. M.J.Russell, A. J. Hall, A. J. Boyce, A. E. Fallick, 100th anniversary special paper: On
hydrothermal convection systems and the emergence of life. Econ. Geol. 100, 259-270 (2005).

4. F. Westall et al., A hydrothermal-sedimentary context for the origin of life. Astrobiology 18,
259-293(2018).

5. E. Imai, H. Honda, K. Hatori, A. Brack, K. Matsuno, Elongation of oligopeptides in a simulated
submarine hydrothermal system. Science 283, 831-833 (1999).

6. R.Shapiro, Comments on ‘concentration by evaporation and the prebiotic synthesis of cytosine’.
Orig. Life Evol. Biosph. 32, 275-278 (2002).

7. B.Damer, D. Deamer, The hot spring hypothesis for an origin of life. Astrobiology 20, 429-452
(2020).

8. R.B.Hoover, "Comets, carbonaceous meteorites, and the origin of the biosphere” in Biosphere
Origin and Evolution, N. Dobretsov, N. Kolchanov, A. Rozanov, G. Zavarzin (Springer, 2008),
pp. 55-68.

9. A.S.Burton, J. C. Stern, J. E. Elsila, D. P. Glavin, J. P. Dworkin, Understanding prebiotic chemistry
through the analysis of extraterrestrial amino acids and nucleobases in meteorites. Chem. Soc.
Rev. 41, 5459-5472 (2012).

10.  R. 1. Kaiser, A. M. Stockton, Y. S. Kim, E. C. Jensen, R. A. Mathies, On the formation of dipeptides
in interstellar model ices. Astrophys. J. 765, 111 (2013).

11. C.Menor-Salvan, M. R. Marin-Yaseli, Prebiotic chemistry in eutectic solutions at the water-ice
matrix. Chem. Soc. Rev. 41, 5404-5415 (2012).

PNAS 2022 Vol. 119 No.42 2212642119

distance of ~4 mm is often employed for routine analysis, whereas larger distan-
ces (such as those described in this work) are often used for microdroplet synthe-
sis. Droplet fusion experiments were performed by placing two nESI capillaries
and emitters ~10 cm away from the mass spectrometer and aligned at a ca.
65° angle to each other in a configuration that allowed their spray plumes to
intersect prior to reaching the inlet.

Ms and IMS. All low-resolution mass spectra and IT-CID product ion spectra
were recorded using a LTQ XL ion trap mass spectrometer (Thermo Scientific).
The parameters for the various ionization sources used are described above. HR
mass measurements were acquired using a linear quadrupole ion trap coupled
with an Orbitrap mass spectrometer (Thermo Scientific). In all cases, helium was
used as bath gas. MS/MS control experiments were carried out using pure water
to rule out chemical interferences on the fragmentation profiles observed.

IMS-MS experiments were performed using a Waters Synapt G2-Si quadru-
pole time-of-flight (ToF) mass spectrometer (Waters Corporation) equipped with
a traveling wave IMS cell. A mass range of m/z 1 was selected using the quadru-
pole (LM resolution set to 18.5, HM resolution fixed at 15) prior to IMS analysis.
IMS conditions were optimized to maximize resolution in the drift time separa-
tion. For the positive ion mode, the traveling wave velocity was selected as
1,500 m/s whereas the wave height was optimized to 40 V. For the negative ion
mode, the wave velocity and wave height were set at 500 m/s and 25 V, respec-
tively. In all cases, the IMS gas flow was kept at 90 mL/min. The scan time was
setto 1's, and data were acquired during 2 min for each sample. Additional
parameters were not modified from the instrument default values. Experiments
were performed using a nESI emitter with 2 kV as the spray voltage (supplied
by the instrument using a homebuilt connection). An extended DESI capillary
was used as the heated inlet of the instrument, maintained at 250 °C for ade-
quate ion transmission through the 90° bent capillary. Collisional cross-section
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the Intellistart assisted interface. For ion mobility experiments, the GlyGly was
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concentration of Gly was varied up to 5 mM. IMS experiments used mixtures of
1:0, 1:125, 1:375, 1:500, and 0:1 GlyGly-Gly in pure water.

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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