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1 | INTRODUCTION

Rationale: Understanding of the molecular processes that led to the first
biomolecules on Earth is one of the key aspects of origins-of-life research.
Depsipeptides, or polymers with mixed amide and ester backbones, have been
proposed as plausible prebiotic precursors for peptide formation. Chemical
characterization of depsipeptides in complex prebiotic-like mixtures should benefit
from more efficient ion sources and ultrahigh-resolution mass spectrometry (UHR-
MS) for elemental composition elucidation.

Methods:

coupled to glass nanoelectrospray emitters for the analysis of a depsipeptide library

A sliding freestanding (SF) Triboelectric Nanogenerator (TENG) was

created using 11 amino acids and 3 alpha-hydroxy acids subjected to
environmentally driven polymerization. The TENG nanoelectrospray ionization
(nanoESlI) source was coupled to an UHR Orbitrap mass spectrometer operated at
1,000,000 resolution for detecting depsipeptides and oligoesters in such libraries.
Tandem mass spectrometry (MS/MS) experiments were performed on an Orbitrap
Q-Exactive mass spectrometer.

Results: Our previous proteomics-like approach to depsipeptide library
characterization showed the enormous complexity of these dynamic combinatorial
systems. Here, direct infusion UHR-MS along with de novo sequencing enabled the
identification of 524 sequences corresponding to 320 different depsipeptide
compositions. Van Krevelen and mass defect diagrams enabled better visualization
of the chemical diversity in these synthetic libraries.

TENG nanoESI coupled to UHR-MS is a powerful method for

depsipeptide library characterization in an origins-of-life context.

Conclusions:

Understanding how molecular and environmental processes led to the
origins of life on Earth is one of the greatest scientific questions of our
time.!’ With decades of research since the original Miller-Urey
experiment,> the non-enzymatic origin of biopolymers such as
nucleic acids, peptides, and glycans has been studied extensively,®™

and it is likely that cyclic dry-wet environments were central to their

formation.® Of all biopolymers, proteins play major roles in terms of
enzymatic catalysis, membrane transport, signaling, and energy
conversion.” Therefore, understanding the mechanisms involved in
abiotic peptide and protein synthesis is vital to developing a
plausible model for the origins of life.

Both endogenous? and exogenous® sources of amino acids (AAs),
the building blocks of proteins, have been identified as contributors to

the early-Earth chemical inventory. Plausible prebiotic routes for
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polymerization of such AAs, however, have been less understood until
recently.9 AA polymerization is thermodynamically unfavorable in

10 and often produces cyclic compounds that act as
»1l

aqueous solution,

thermodynamic  “traps”. Mechanisms ranging from chemical
activation!? to heating with inorganic catalysts® have been proposed
for abiotic peptide synthesis, but have only yielded short chain

lengths, 3 14,15

or have been demonstrated for only a few AA types.

We recently proposed a prebiotic mechanism for the formation of
peptides involving depsipeptides, polymers with mixed amide and
ester backbones.*® In this process, depsipeptides are formed by the
condensation of a-AAs and a-hydroxy acids (AHAs), also believed to
have been present on the prebiotic Earth.)” We previously showed
depsipeptides form via ester-amide exchange reactions in simulated
day-night environments that “ratchet” the polymer chain to
progressively more amide-enriched species. The kinetics of such
chemistry is now being explored, with the goal of finding optimum
conditions that will lead to functional protopeptides.'®

Condensation polymerization of AA and AHA monomers leads to
complex combinatorial depsipeptide libraries with large numbers of
esters and depsipeptides. In recent work, we explored the
complexity of such systems by de novo sequencing in combination
and high-
Three reactions, one AHA

ion mobility (IM),

resolution mass spectrometry (HR-MS).%?

with liquid chromatography (LC),

and three AAs each, produced libraries with more than 600 unique
depsipeptide sequences in total. It is likely that hundreds more
species were undetected due to hydrolysis during the LC step,
insufficient ion generation efficiency, and/or limited resolution of the
time-of-flight mass analyzer.

Ultrahigh-resolution (UHR)-MS has become a key tool in the

elemental composition elucidation of complex organic samples.?° It

has seen widespread use in petroleomics,?*

natural organic matter
and proteomics,?® but much less in the field of prebiotic
in-depth

investigation of organics in the Murchison meteorite.?* Such

analysis,??

chemistry, with one notable exception being the
experiments, typically requiring Fourier Transform lon Cyclotron
Resonance (FT-ICR) instrumentation, may now become more
commonplace due to advances in UHR Orbitrap MS.2°

characterization of combinatorial

Sensitive protopeptide

mixtures also requires improvements in ion generation.
Nanoelectrospray ionization is a more suitable ion source for direct
infusion experiments, with reduced ion suppression and softer
ionization expected to produce wider sequence coverage compared
with standard electrospray analysis. Added to that, in recent work
we have introduced triboelectric nanogenerators (TENGs) as a
powerful, sensitive, and reproducible alternative to generate ions
via nanoelectrospray.?® TENGs are power sources that transform
mechanical motion into electricity,27 with one of their most
attractive features being the on-demand generation of discrete
amounts of charge in the nano-Coulomb (nC) range during each
operation cycle. A TENG in combination with MS enables
zeptomole detection limits,?® which could prove essential in
observing species that may be missed with less sensitive ionization

approaches.

Here, we explore the chemical diversity of the most
complex protopeptide mixture studied to date, consisting of 11 AAs
and 3 AHAs, subject to four cycles of day-night polymerization
using TENG
nanoelectrospray ionization combined with UHR Orbitrap MS at
1,000,000 resolution (m/Am at full width at half maximum or FWHM).

present in

condensation. We characterize this mixture

Since depsipeptides are not protein databases,
modifications were included on a de novo sequencing software for
depsipeptide sequences annotation. This approach resulted in the
identification of hundreds of sequences without the need for lengthy

chromatographic separations.

2 | EXPERIMENTAL

2.1 | Materials

L-Alanine (A), glycine (G), L-histidine (H), L-leucine (L), L-methionine
(M), L-proline (P), L-glutamine (Q), L-arginine (R), L-serine (S), L-
threonine (T), L-valine (V), L-lactic acid (a), L-malic acid (d) and 2-
hydroxyisobutyric acid or 2-HIBA (z) were obtained from Sigma-
Aldrich. The AAs were selected in terms of water solubility, and the
majority are considered potentially prebiotic compounds.?® The three
AHAs selected (L-lactic acid, L-malic acid and 2-hydroxyisobutyric
acid) are all thought to be prebiotic.?? Structures for all these
building blocks, as well as a generic peptide and depsipeptide
structures, are provided in Figures S1 and S2 (supporting
information). Ultrapure deionized water (18.2 MQ cm) was obtained
from a Barnstead Nanopure Diamond system (Van Nuys, CA, USA).

Methanol (LC/MS grade) was obtained from Sigma-Aldrich.

22 |
cycling

Depsipeptides synthesis through dry-wet

Oligomers were prepared in 1.5mL Eppendorf vials with 200 pL
aqueous solution containing 10 mM of each AA and 35 mM of each
AHA. Following our previous report,*® a model prebiotic 24-h cycle
was applied to nine replicates. Eppendorf tubes were dried-down at
85°C for 18 h with the vial cap open (dry/ “day” phase) and then
rehydrated and heated at 65°C for 5.5h with the vial cap closed
(wet/ “night” phase). Samples were divided in three groups that were
subjected to 1, 2, and 4 cycles, respectively. Samples were diluted
1:200 using methanol/water (1:1). For depsipeptide naming
purposes, AA residues were capitalized (e.g., alanine=A) and the
analogous AHAs were in lower case (e. g., lactic acid=a). For 2-
HIBA, which does not have a matching proteinogenic amino acid,

“on

the lower case letter “z” was used.

2.3 | TENG nanoelectrospray ion generation

A sliding freestanding (SF) TENG power source, similar to the one
used in previous work,?® was utilized for all experiments. Figure 1
presents a schematic of the TENG-UHR Orbitrap setup. The SF-
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FIGURE1 TENG UHR-MS setup. A, General
scheme of the sliding freestanding TENG
power source connected to an Orbitrap mass
spectrometer (orange represents copper,
yellow fluorinated ethylene propylene). The
black arrow represents the direction of
movement of the top copper electrode on the
static electrode. The pulse represents the flow
of generated charges. B, Picture showing the
TENG power source coupled to the
atmospheric pressure interface inlet of the
mass spectrometer. The nanoESI emitter is
mounted on a XYZ stage that allows its
position to be controlled in respect to the
spectrometer inlet. C, Zoomed-in view of the
inlet region [Color figure can be viewed at
wileyonlinelibrary.com] .

Sliding
electrode

TENG device consisted of two separate pieces, the static and sliding
electrodes. The static electrode consisted of two 75 x 60 mm?
rectangles of Cu film deposited onto fluorinated ethylene
propylene (FEP) film. These rectangles were separated by a
75x 1 mm? uncoated rectangular section and were mounted on an
acrylic support. The movable SF-TENG electrode was made of Cu
foil (55x%65mm?) and was mounted onto a rectangular piece of
acrylic board also. To operate the TENG, the movable electrode
was placed on top of the static part of the device, which was
fixed onto an XYZ stage placed underneath the inlet to the mass
spectrometer. Both parts were oriented so that the two metal
layers were separated by the FEP layer (Figure 1). The movable
electrode was slid between the two positions corresponding to the
two Cu-coated regions of the static electrode, with a travel
distance of 60 mm. The two electrical contacts are represented as
green (ground) and red (connected to the ion source). The TENG
power source was actuated manually at a frequency of ~0.5Hz,
generating positive ions when the sliding electrode was moved
from the ground contact to the contact connected to the nanoESI
emitter, and negative ions when moved in the opposite direction.
Glass nanoESI emitters (Econo 12, New Objective) were used in all
experiments. Each of the samples (10ulL) was loaded into the
emitters using a 10uL pipette. A Pt wire was used to provide
electric contact between the sample solutions loaded on the

emitters and the TENG power supply.
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Mass spectrometry experiments

Synthetic protopeptide libraries were studied using TENG nanoESI in
direct infusion mode coupled to a prototype Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Scientific, San Jose, CA, USA) at
a resolving power of ~1,000,000. External mass calibration was
employed in all cases, as the internal lock mass function was not yet
implemented. Results were compared with a Xevo G2 QTOF mass
spectrometer (Waters Corp., Manchester, UK), and a Q-Exactive
hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA). All tandem mass spectrometry (MS/MS)
experiments were performed on the Q-Exactive. Operational
parameters for all three mass spectrometers are provided in the
supporting information. Negative ionization mode was used
for all MS and MS/MS experiments, as depsipeptides ionize well as
[M-H]  species with little-to-no adduct formation. Positive ion
mode experiments were performed to investigate arginine-containing
depsipeptides.

An overview of the workflow used for depsipeptide identification
is presented in Figure S3 (supporting information). Accurate masses
were obtained with the Orbitrap Fusion Lumos Tribrid mass
spectrometer. A custom MATLAB algorithm was used for accurate
mass matching as described in the supporting information. Accurate
mass matching was followed by a custom MS/MS data-dependent

acquisition (DDA) method implemented in the Q-Exactive Orbitrap
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mass spectrometer, also described in detail in the supporting
information. Data produced by DDA MS/MS experiments were
processed by using PEAKS 8.0 software to yield depsipeptide and
polyester sequences. In order to account for the presence of AHA
residues instead of AAs, custom “post-translational modifications”
were defined in PEAKS, as also described in the supporting
information (Table S1 and Figure S4).

3 | RESULTS AND DISCUSSION

3.1 | Effect of mass resolution

Figure 2A shows the results from the TENG MS analysis of a four-cycle
mixture using three different mass spectrometers, each with increasing
resolving power. As expected, the QTOF mass spectrometer had the

poorest resolution of all three instruments, being unable to resolve
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FIGURE 2 Effect of mass spectrometer resolving power on
depsipeptide mixture analysis. TENG negative ion mode mass
spectra for A) region between m/z 248.065 and 248.09 that includes
the 2a+S depsipeptide with m/z 248.0777, resolved only with the
Orbitrap Fusion Lumos Tribrid. B) Signals in the region between m/z
233.07 and 233.10, which includes the a+ G+ S depsipeptide that
typically overlaps with isotopes from the species at m/z 232.0821 (2a
+aora+z+G). The a+G+S depsipeptide was only resolved with the
Orbitrap Fusion Lumos Tribrid [Color figure can be viewed at
wileyonlinelibrary.com]

many of the species in the studied samples. In the m/z 248.07-
248.09 region, for example, the QTOF instrument only detected one
broad spectral feature centered around m/z 248.0825, whereas more
species were resolved by the two Orbitrap instruments. The Q-
Exactive instrument, operated at a resolving power of 140,000
FWHM (full width at half maximum), was able to resolve many of the
species present, but its resolving power was not sufficient in some
cases. As seen in Figure 2A, the 2a+S depsipeptide was only
observed as an unresolved shoulder of an unknown, and more
abundant, ionic species at m/z 248.0801. The Orbitrap Fusion Lumos
Tribrid, operated at 1,000,000 resolution, effectively resolved the
most challenging cases of spectral overlap. Figure 2A shows a species
at m/z 248.0777 baseline resolved from the above-mentioned
spectral interference, with effective resolving powers of 630,600 and
871,302 (FWHM), respectively. Within a 2ppm mass error, the
composition of this species was assigned to 2a+S (2 lactic acid
+ serine).

Numerous interferences between the various isotopologues from
the various depsipeptides generated by wet-dry cycling were also
observed in these very complex mixtures. This is better illustrated by
examining the spectral region between 233.075 and 233.09 m/z. In
this region, the Orbitrap Fusion Lumos Tribrid was able to resolve
completely several closely related species. For example, a
depsipeptide composed of lactic acid, glycine and serine (a+G+S,
m/z 233.0774) was resolved from the *°N isotopologue of a
depsipeptide with m/z of 232.0821 (2a+A and a+z+G, [M-H]
“= 12Co H,, 19N, 20y, 233.0792m/z). The fine isotopic structure of
2a+A and a+z+G, which included the °C (*3C42Cg H 14 *N;10y)
and the 2H isotopologues (}2Co*Hq52H12*N;1¢0y), was resolved also,
making spectral assignments more straightforward.

Overall, the higher the instrument resolving power the larger the
number of m/z values that can be accurately detected, performance
that is better described by the mass spectrometer's peak capacity. As
proposed by Coombes et al,%° calculation of the maximum number of
peaks (N) detectable by a mass spectrometer can be estimated based
on the mass range of interest range and the relative error associated
with the measurement. Using a m/z range of 100-1000, and
establishing the relative mass error threshold as the absolute value of
the highest mass error for a specific mass spectrometer, the peak
capacity of each instrument was calculated. The relative mass errors
were 1.98*10e™° for the Orbitrap Fusion Lumos Tribrid, 2.65*10e7°
for the Orbitrap Q-Exactive, and 1.23*10e™° for the QTOF, resulting
in a maximum N of: 1.2*10e®, 8.7*10e°, and 1.9*10e°, respectively.
As expected, UHR-MS allowed a greater number of potential species
to be resolved, as also reflected in Figure 2.

3.2 | Depsipeptide library characterization

Throughout the various oligomerization conditions tested, it was
observed that as the number of day-night cycles increased, so did
the number of peptide, oligoester, and depsipeptide species detected.

Figure 3 shows the direct infusion TENG nanoESI mass spectrum of a
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FIGURE 3 Negative ion mode TENG full mass spectrum collected with the Orbitrap Fusion Lumos Tribrid for a four-cycle mixture. As some
sequences are isobaric, several candidate species are listed for a number of signals

four-cycle sample, showing the presence of thousands of resolved
peaks within the 100-1000m/z range. The total
depsipeptide and oligoester molecular compositions confirmed by

number of

accurate mass Orbitrap MS were 258, within a mass error of
+2 ppm. This value was acceptable for the external mass calibration
used with this instrument. As shown in Figure S5 (supporting
information), most of the mass errors were between -1 and 1 ppm
(78%), with a remaining 22% between 1 and 2ppm. The more
at m/z=133.0142 and 103.0400,
corresponding to the unreacted or hydrolyzed malic and 2-HIBA
[M-H]" The depsipeptide with the
detected was aG at 146.0458. Depsipeptide chain lengths varied
from 2 to 7, with the majority between 3 and 4 under the studied

abundant species were

ions. lowest m/z value

conditions. These conditions promote sequence diversity due to
the hydrolysis step carried out in between each drying step, and
the limiting concentration (10 mM) of each of the monomers used.
Longer chains can be achieved with continuous monomer
feeding,®! but such an approach was not utilized in the present
study for simplicity.

Once compositional analysis via accurate mass matching was
performed, de novo sequencing was carried out following the
procedures described in the supporting information. Using a custom
DDA acquisition approach and custom modifications to monomers in
the PEAKS software, 524 unique sequences corresponding to 320
(Tables S2 and S3,

supporting information) were generated. As seen in these tables, a

depsipeptide or polyester compositions

significant variability in N-terminal residue composition was
observed; 305 species contained an AHA residue in that position
(166 lactic acid, 108 malic acid, and 31 2-HIBA). A total of 219

species contained an AA at the N-terminus, the majority containing

glycine, methionine and serine. These species are likely formed by
hydrolysis of longer species, as the ester-amide exchange mechanism
primarily supports the presence of AHAs in such a position.*®

Arginine-containing depsipeptides were not detected in negative
ion mode analysis, as this residue is protonated at the pH values used
during the synthesis (pH3-4). When four-cycle libraries were
analyzed in positive ion mode, species such as aR, dR, and zR were
detected, along with histidine-containing depsipeptides, and a handful
of peptides such as GG and GGG (Figure Sé, supporting information).
Trimer and longer arginine-containing depsipeptides were not
observed, likely due to “backbiting” leading to intramolecular
ring closure,®? a reaction favored at acidic pH that further inhibits
chain elongation.

By far, glycine was the most common AA incorporated into
depsipeptide chains, present in more than 50% of the sequences
(Figure S7, supporting information). The longest depsipeptides
detected (3a+A+3G, 2a+z+4G, 2a+2z+2G+H) contained at
least 2 glycine residues. Sequences with the highest number of
isomers (n=5) were all found to be glycine-rich. The base peak in
positive mode experiments was that of di-glycine, and more than
half of the sequences obtained contained this AA. Glycine is most
efficiently incorporated into depsipeptide sequences, leading to

highly complex libraries as found here.

3.3 | Depsipeptide mass mapping
Following compositional and sequence analysis, a number of graphical
representations of the dataset were investigated. Van Krevelen

diagrams,®® Kendrick plots,®* and mass defect filter diagrams>> have
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been used to enhance visualization of chemical diversity in complex
datasets. To this end, a modified Van Krevelen plot (Figure 4)
enabled grouping of detected species based on the number of
nitrogen atoms in their composition. Nitrogen atoms ranged from
zero, which corresponded to pure oligoesters, to six. As shown in
Figure 4, N/C ratios and the detected m/z values allowed separation
of the detected species into five depsipeptide groups. The
appearance of depsipeptide sequences with higher nitrogen content
also followed an increase in the number of species with higher
nitrogen/hydrogen ratios at higher m/z values. This is due to the
incorporation of more histidine (H) and glutamine (Q) residues in
longer sequences.

Another modified Van Krevelen diagram was used to group
depsipeptides as a function of AA content (Figure S8a, supporting
information). Depsipeptides containing shorter side chain AAs, such
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as A, G, or S, typically fell at higher N/C ratios and low m/z values
for each nitrogen content series. As seen in Figure S8b (supporting
information), for each nitrogen-content group, depsipeptides with
lower m/z values and higher N/C ratios typically contained serine,
followed by threonine, methionine, valine, proline, and leucine as the
N/C ratio decreased.

Normalized monoisotopic mass defects (NMDs) and normalized
isotopic shifts (NIS), calculated by Supplementary Equations 1 and 2
(supporting information), provided additional information useful in

describing complex libraries based on their AA content.®®

Changes in
elemental compositions resulted in different trends and patterns in
the resulting mass defect plots. Figure 5A depicts the NMDs for all
detected depsipeptides plotted against their NIS, and color coded by
the specific AA present in the sequence. Depsipeptides containing at
least one methionine residue and various other residues were
differentiated from the rest of the depsipeptide population, as the
presence of a sulfur atom results in much higher NIS values even

when other AAs are present.
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FIGURE 4 Nitrogen content of depsipeptide and polyester species
detected following four dry-wet cycles of a mixture containing 3
AHAs and 11 AAs. Experiments were conducted in negative ion mode.
Only species detected with the Orbitrap Fusion Lumos Tribrid and
confirmed by Q-Exactive MS/MS experiments are shown [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Classification of de novo identified depsipeptides based on
their amino acid content. Normalized monoisotopic mass defect (NMD)
vs. normalized isotopic shift (NIS) shown for A, all species detected, B,
canonical separation in the Z axis of the different non-methionine-
containing depsipeptide families as a function of both NMD and NIS
values [Color figure can be viewed at wileyonlinelibrary.com]

To investigate trends in non-methionine-containing depsipeptides
further, a “virtual” z-axis was added to the plot shown in Figure 5A
using a canonical variable to describe the presence of each specific
AA in the (Figure 5B). This plot

depsipeptides containing shorter side chains, such as alanine or

sequence revealed that
glycine, grouped at higher NIS and lower NMD (<0.4), while species
containing glutamine, histidine, and threonine were characterized by
intermediate NMD and NIS values. Depsipeptides with aliphatic side
chains, such as leucine, proline, or valine, appeared at NMD values
above 0.35. Depsipeptides with hydroxyl residues (e.g. serine) were
clustered at lower NMD and higher NIS values.

Mass defect distributions coded by AHA content showed
interesting trends also. As shown in Figure S9 (supporting
information), malic acid containing sequences clustered at lower NMD

values. Acidic AA residues, such as glutamic and aspartic acid, are
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known for producing this type of shifts in mass defect plots.2® As malic
acid is a structural analog of aspartic acid, this trend was not surprising.
The other two AHAs used, lactic acid and 2-HIBA, that have short side
chains, led to NMD values above 0.3. Overall, it was observed that
glycine, methionine, and serine tended to co-polymerize with
malic acid, and with each other. Other AAs (A, H, L, P, Q) tended to
co-polymerize with lactic acid and 2-HIBA.

4 | CONCLUSIONS

We have reported on the performance of a TENG nanoelectrospray
ionization source coupled to UHR-MS for the analysis of complex
depsipeptide libraries (11 AAs and 3 AHAs). Peptidomics strategies
were adapted to take advantage of the appealing aspects of direct
infusion analysis, including short analysis times and no need for
led to the

successful sequencing of more than 500 depsipeptides and/or

mobile phase additives or buffers. This approach
oligoesters prepared in a single simulated prebiotic mixture. Mass-
mapping plots simplified the visualization of depsipeptide libraries
composition into different subgroups that included the number of
nitrogen atoms in the elemental composition and the relative AA and
AHA composition. The libraries characterized in the present work
represent a relatively simple system in terms of complexity when
compared with a true prebiotic soup, but they do serve as a testing
ground to understand the analytical peak capacity needed to
examine libraries containing upwards of 20 AAs and their
corresponding AHAs. Future applications of TENG UHR-MS involve
the coupling to higher resolving power mass spectrometers, such as
Fourier Transform lon Cyclotron Resonance (FTICR) instruments, and
the incorporation of ion mobility (IM) gas-phase separations to
further While addition

chromatographic step should also improve sequence coverage, ester

decrease spectral congestion. of a
hydrolysis during the liquid phase separation adds unnecessary

complications to an already difficult analytical task.
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