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Numerous long-standing questions in origins-of-life research center
on the history of biopolymers. For example, how and why did
nature select the polypeptide backbone and proteinaceous side
chains? Depsipeptides, containing both ester and amide linkages,
have been proposed as ancestors of polypeptides. In this paper, we
investigate cationic depsipeptides that form under mild dry-down
reactions. We compare the oligomerization of various cationic
amino acids, induding the cationic proteinaceous amino acids
(lysine, Lys; arginine, Arg; and histidine, His), along with non-
proteinaceous analogs of Lys harboring fewer methylene groups
in their side chains. These analogs, which have been discussed as
potential prebiotic alternatives to Lys, are ornithine, 2,4-diaminobu-
tyric acid, and 2,3-diaminopropionic acid (Orn, Dab, and Dpr). We
observe that the proteinaceous amino acids condense more exten-
sively than these nonproteinaceous amino acids. Orn and Dab
readily cyclize into lactams, while Dab and Dpr condense less
efficiently. Furthermore, the proteinaceous amino acids exhibit
more selective oligomerization through their a-amines relative to
their side-chain groups. This selectivity results in predominantly lin-
ear depsipeptides in which the amino acids are a-amine—linked,
analogous to today’s proteins. These results suggest a chemical ba-
sis for the selection of Lys, Arg, and His over other cationic amino
acids for incorporation into proto-proteins on the early Earth. Given
that electrostatics are key elements of protein—RNA and pro-
tein—DNA interactions in extant life, we hypothesize that cationic
side chains incorporated into proto-peptides, as reported in this
study, served in a variety of functions with ancestral nucleic acid
polymers in the early stages of life.

condensation dehydration | peptide evolution | chemical evolution |
depsipeptides | prebiotic chemistry

oded protein is a linear polymer of 20 diverse amino acids,

with a cohesive backbone that self-assembles via comple-
mentarity of H-bond acceptors and donors of the polypeptide
backbone (1, 2). Proteins can fold spontaneously into “native”
states with low configurational entropy and precise positioning of
functional groups in 3D space. While sequences of proteins have
been tuned by eons of evolution that is ongoing (3), it has been
proposed that the polypeptide backbone is the product of prior
chemical evolution (4). In these models, polypeptide is descen-
ded from ancestral proto-peptides that were heterogeneous both
in backbone architecture and chemical structure and were
composed of monomers that condensed readily under prebiotic
conditions. Alex Rich, based, in part, on observations that the
ribosome can synthesize polyester in vitro, proposed polyester
(Fig. 14) as ancestor of peptide. It has been recently demon-
strated that depsipeptides, which contain mixtures of ester and
amide linkages (Fig. 14), form spontaneously under mild condi-
tions during dry-down of mixtures of hydroxy acids and amino acids
(5-9). The dry-down process concentrates reactants and reduces
water activity and thus thermodynamically drives condensation
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reactions (10). Ester linkages lower activation energies for the
formation of amide bonds through ester—amide exchange (Fig.
1D). In addition, facile ring opening of cyclic hydroxy acid dimers
(dilactones, i.e., lactide and glycolide) and cyclic amino acid—hydroxy
acid heterodimers (morpholinediones) promotes polymerization;
in contrast, formation of cyclic amino acid dimers (diketopiper-
azines, DKPs) inhibits polymerization (11, 12). Depsipeptides are
prebiotically plausible; hydroxy acids and amino acids are produced
in model prebiotic reactions, are found together in some meteorites
(5, 13-15), and can combine to form depsipeptides of up to
20 residues in mild dry-down conditions (5, 7).

In the RNA World hypothesis (16-20) and in coevolutionary
RNA-protein models for the origins of life (1, 21-23), proto-
protein interacted extensively with negatively charged RNA (or
proto-RNA) (24) and perhaps directly catalyzed the oligomeri-
zation/ligation of RNA (21, 25). These models require cationic
proto-peptides, i.e., oligomers that are positively charged, which
would enable noncovalent assemblies based on stabilizing elec-
trostatic interactions between protomers of peptide and
RNA. Two previous studies have reported depsipeptide forma-
tion in dry-down mixtures containing cationic amino acids with
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Fig. 1. Chemical structures of monomers and oligomers investigated in this study. Cationic depsipeptides were generated by drying mixtures containing an
a-hydroxy acid along with a cationic a-amino acid. (A) Chemical structures of polypeptide, polyester, and depsipeptide. Depsipeptides are copolymers of
hydroxy acids and amino acids, linked by a heterogeneous backbone containing both amide and ester bonds. Depsipeptides have been hypothesized as
ancestors of polypeptides. (B) The 2 hydroxy acids used here in dry-down reactions. (C) The 6 cationic amino acids used here in dry-down reactions. Cationic
side-chain functional groups are blue. Amino acids are designated by uppercase 3-letter codes, and hydroxy acids are lowercase 3-letter codes. (D) The
mechanism describing formation of depsipeptides via exchange of an ester for an amide, in a process called ester—amide exchange (i.e., ester aminolysis).

hydroxy acids (8, 9). However, only proteinaceous amino acids
were included, and these studies did not characterize the linear
versus branched topology of the products or demonstrate the
presence of free cationic moieties. Cationic side-chain amino
groups might compete with a-amine groups in chain extension
reactions, giving rise to noncationic and/or branched nonbiological
backbone architectures.

Here, we compare the spontaneous oligomerization of pro-
teinaceous (lysine, Lys; arginine, Arg; and histidine, His) and
nonproteinaceous (ornithine, Orn; 2,4-diaminobutyric acid, Dab;
and 2,3-diaminopropionic acid, Dpr) cationic amino acids (Fig.
1). Proteinaceous amino acids are considered as those in-
corporated into proteins during translation. Amino acids with
shorter cationic side chains, such as Orn and Dab, are thought to
have been abundant on the prebiotic Earth (26-30). Lys, Arg,
and His are considered less prebiotically plausible, even though
Lys has been found in meteorites (31, 32) and prebiotic routes
have been proposed for production of both Arg and His (33,
34). We reasoned that a comparative investigation of a-hydroxy
acid-promoted oligomerizations of cationic amino acids could
provide insights into the chemistry of cationic oligomers. We
observe that proteinaceous amino acids condense more exten-
sively, giving greater yields of higher molecular weight oligomers
than this nonproteinaceous subset. The nonproteinaceous Orn
and Dab cyclize to form lactams, while Dab and Dpr condense

Frenkel-Pinter et al.

less efficiently. All 3 proteinaceous amino acids regioselectively
link via their a-amines rather than through their side-chain
amines, giving rise to oligomers that are predominantly linear
and cationic. The results of this study provide a possible chemical
rationale for the early selection of Lys, Arg, and His over other
cationic candidates as proteinaceous amino acids.

Results

Depsipeptides Form via Dry-Down Reactions of Hydroxy Acids and
Cationic Amino Acids. We employed 6 cationic amino acids (Fig.
1C), including the 3 cationic proteinaceous amino acids (Lys,
Arg, and His), along with 3 analogs of Lys having fewer methy-
lene groups in the side chain (Orn, Dab, and Dpr). These ho-
mologated analogs of Lys are generally considered to have been
more abundant than the proteinogenic cationic amino acids on
the prebiotic Earth (13, 26-30). We employed the uncharged
a-hydroxy acid monomers glycolic acid (glc, the hydroxy acid
analog of glycine) and lactic acid (lac, the hydroxy acid analog of
alanine). Depsipeptides were generated by drying down mixtures
containing a single amino acid (unless otherwise noted) with a
single hydroxy acid for 1 wk at 85 °C under unbuffered, mildly
acidic conditions (pH = 3). Preliminary studies indicated that
product oligomers were generally longer when the starting mix-
ture contained an excess of the hydroxy acid over the amino acid;
we therefore employed a 5:1 hydroxy acid/amino acid molar ratio
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(unless otherwise noted). As detailed below, the product mixtures
for each reaction were characterized by a variety of analytical
methods including liquid chromatography—mass spectrometry
(LC-MS), NMR, Fourier transform infrared (FTIR), enzyme as-
says, chemical probing, and high-performance LC (HPLC) with
both hydrophobic and hydrophilic stationary phases.

LC-MS analyses indicated that the dry-down reactions formed
copolymers of hydroxy acids and amino acids (Fig. 2.4 and B and
SI Appendix, Figs. S1-S12). The mixture of glc and Lys produced
oligomers up to 14-mers, with varying lengths and compositions
of glc and Lys (Fig. 2B). Examples of observed depsipeptide
species include 6gly3Lys and 12glc2Lys, with each compositional
species observed by LC-MS representing multiple possible se-
quences (Fig. 2C). Most oligomer products contained from 1 to
3 amino acids and were typically enriched in hydroxy acids
compared with amino acids, as would be expected from the
5:1 hydroxy acid/amino acid molar ratio used in the dry-down
reactions. Similar product distributions were observed for dry-
down reactions involving either glc or lac, supporting the gen-
erality of these reactions (SI Appendix, Figs. S1-S14). The
presence of both ester and amide bonds within the product
oligomers was confirmed with FTIR. The dry-down reaction of
the glc plus Lys mixture induced shifts in the C=0 band from a
free acid (1,724 cm™") to an ester (1,743 cm™") upon drying (35),
and shifts in the amide regions (amide I and amide II; ST Ap-
pendix, Fig. S15). FTIR analyses of product mixtures for the
other amino acids supported the formation of ester and amide
bonds in all cases, with evident shifts in the C=0O band from a
free acid to an ester and shifts in the amide regions (SI Appendix,
Figs. S16-S26). The presence of both ester and amide bonds was
further supported by degradation of the product mixture using
trypsin (a protease) and porcine liver esterase. C18 HPLC
analysis indicated that these enzymatic hydrolyses converted the
product oligomers of glc+Lys dry-down into less hydrophobic,
presumably lower molecular weight species (SI Appendix, Fig.
S27). We note that, even though trypsin is known to cleave
peptide chains, mainly at Lys and Arg, it has some cross-reactivity
with esters (36). Control reactions involving dry-downs of amino
acids in the absence of hydroxy acids failed to form oligomers (S
Appendix, Fig. S28), as expected for the mild temperatures (85 °C)
used in our experiments.

Verification of Cationic Moieties within the Depsipeptide Product
Mixtures. The presence of free amines in the oligomeric prod-
ucts was supported by results of experiments with ninhydrin (S/
Appendix, Fig. S29), which reacts quantitatively with primary
amine groups to give a product that absorbs at 480 nm. To detect
free amines in dry-down products, an aliquot from a dry-down
reaction of glc and Lys was dialyzed to remove remaining mo-
nomeric Lys. Unreacted, nondialyzed Lys served as a positive
control, whereas unreacted, dialyzed Lys or nondialyzed glc
monomer or glc oligomers were used as negative controls. The
dialyzed oligomers from the glc plus Lys dry-down reaction
showed an increase in absorbance comparable to that of Lys
(nondialyzed), supporting the presence of free amine groups
within the product oligomers. The negative controls did not show
change of absorbance at 480 nm.

The cationic properties of the product depsipeptides were
further confirmed via hydrophilic-based LC (HILIC), which
separates compounds based on differences in polarity (SI Ap-
pendix, Fig. S30). As indicated by the absorbance at 210 nm and
LC-MS analysis, dry-down reactions of glc with Lys resulted in a
variety of hydrophilic depsipeptides that were retained on the
HILIC column and eluted only with polar mobile phase. In
contrast to control reactions containing amino acids alone, hy-
drophilic depsipeptides were observed in each product mixture
obtained from drying the various cationic amino acids with glc or
lac (SI Appendix, Figs. S31 and S32).
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+ <12%
A NH3 maj:or - A ~
Lys E Lys species (77%) o] Q
NHT HNJJ\§ HNJ\§
+ H
H3N a dryat85 °C
0 for 1 week o o
+ +
OH N it N
HO™ Y o 0 o
+
gle O alAd), e(NHT) a(NH3), €(A)  alAd), e(Ac)
B mixture of glc/Lys depsipeptides
glcn +Lys|
—
5801 /i |
Z glc_ +Lys
560' 6 3
= lc_ +Lys
E“U' glc +Lys, g\.:uafLys2
% Lysl glc, +Lysy
= 204 / \
5 il
0

200 400 600 80
m/z

1000

C

glcg Lys, NH NH}

%
3
H o} (o] o] (o]
HO/\rrN\-/u\o/\n/O\)\Duj\”/O\)l\o/\"/O\)Lu OH
0] 3 o] [0} e}

linear, a-linked backbone topology (protein-like)

NH 3

5 10 0
HO/\rrN\i)LO/\[rO\)LNH NHE
L

o]
J D
NHY Hgﬁ O\)I\D/YO\)LN OH
H
o] 0

linear, a- and sidechain-linked backbone topology (unnatural)

0 o
Hﬁ\i)l\o/\n/o\)l\NH NHY
: 0

[¢] o] (0]
NH3 HO o} o} OH
3 \/U\N \)I\OW \)I\N
H H
o] (o] (o]
branched, «- and sidechain-linked backbone topology (unnatural)

Fig. 2. Depsipeptides containing cationic amino acids are formed via dry-
down reactions of mixtures of hydroxy acids and cationic amino acids. (A)
Examples of possible products of dry-down reactions of glc with Lys; Lys can
be amidated on either the a-amine or the e-amine. The percentages of
products shown were determined by 'H NMR analyses. (B) A mixture of glc
with Lys was dried at 85 °C for 7 d, and the resulting depsipeptides were
analyzed by positive-mode ESI MS. All labeled species correspond to [M+H]*
ions. (C) Examples of 3 of the many possible sequence isomers of 6glc3Lys.
The molecules shown differ at the linkages in the central Lys residue.

Proteinaceous Amino Acids React More Efficiently and Regio-
selectively at the a-Amine than Nonproteinaceous Amino Acids. In
condensation reactions, a cationic amino acid such as Lys poten-
tially can be acylated solely at the a-amine position, solely at the
side-chain amine position, or at both positions (Fig. 2). A protein-
like backbone topology would arise when oligomers are linked
solely through the a-amino group. In contrast, linkages at side-chain
amino groups would lead to nonbiological backbone topologies,

Frenkel-Pinter et al.
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and linkages at both the side chain and a-amine could yield
branched oligomers (Fig. 2C). NMR experiments (described in
detail below) revealed robust preferences for amidation at the
a-amine groups for Lys, His, and Arg, but not for Orn, Dab, or Dpr.
Acylation of the His side chain was not observed, as would be
expected considering the hydrolytic instability of acyl imidazoles. As
a result of the observed regioselectivity, the proteinogenic amino
acids formed oligomers predominantly having an «-linked, protein-
like backbone topology. These oligomers contain ester bonds in-
stead of amide bonds at many backbone positions.

NMR characterization of the dry-down reaction for glc with
Lys revealed differences in reactivities of the 2 amine positions
of Lys (Fig. 3, Table 1, and SI Appendix, Fig. S33). The ' H NMR
resonances were assigned using chemically synthesized standards
(SI Appendix, Fig. S34). The synthesis and purification of the
standards are described in SI Appendix. In the unreacted Lys
starting material, the free a-proton chemical shift is centered at
3.86 parts per million (ppm), while the free e-proton is at 3.01 ppm
(Fig. 34). Upon e-amidation with glc, the a-proton resonance
shifts slightly downfield to 3.91 ppm, and the e-proton resonance
shifts substantially downfield to 3.27 ppm (Fig. 3B). Alternatively,
upon a-amidation of Lys with glc, the a-proton resonance shifts
substantially downfield to 4.43 ppm, and the e-proton resonance
shifts slightly upfield to 2.99 ppm (Fig. 3C). The mixture of
products produced by the dry-down reaction of glc with Lys pro-
duces a surprisingly simple set of chemical envelopes in the NMR
spectra (Fig. 3D) that could readily be interpreted by comparison
with spectra of the synthetic standards (Fig. 3 and SI Appendix,
Figs. S35 and S36). Amidation was evident for both the a-amine
and the e-amine. However, there was significant regioselectivity
between the 2 amine groups; integration of the o- and e-proton
resonances indicated that at least 88% of Lys a-amines were
amidated, whereas only 12% of e-amines were amidated (Table 1,
Fig. 3D, and SI Appendix, Figs. S35-S37). An additional resonance
in the vicinity of a-amidated protons (4.62 ppm) was confirmed to
correspond to Lys species that are both amidated at the a-amine
and esterified at the carboxylic acid by comparison with a glc-
Lys(-a)-glc standard (SI Appendix, Fig. S35). The identity of this
resonance as a-amidated Lys species was further supported by
'H-"H correlated spectroscopy NMR (SI Appendix, Fig. S37).

Based on NMR integration, at least 77% of Lys in the glc
depsipeptide mixtures has retained free side-chain ¢-amines (Ta-
ble 1). At least 88% of monomeric Lys was converted to oligomer.
Similar results were obtained for dry-downs involving lac and Lys
(SI Appendix, Fig. S38), with a slightly lower conversion into
oligomers (76% for lac) but with a greater regioselectivity for
a- over g-amidation (only 7% amidation at the e-amine) (Table 1).
The lower conversion for lac compared with glc likely results from
steric hindrance by the methyl group on lac.

Table 1.

Overall a- Side-chain

NMR analyses of reactions with various cationic amino acids
indicated that Lys, Orn, Arg, and His oligomerized to a greater
extent than Dpr and Dab (Table 1 and SI Appendix, Figs. S39—
S56). We have compared extents of conversion of monomers
into oligomers for all 6 cationic amino acids (Table 1). We
confirmed the reproducibility of our results with independent
replica experiments (SI Appendix, Fig. S57).

We explored the possibility of chirality-based differences in
reactivity by comparing the dry-down of glc with L-Lys to that of
glc with p-Lys or to a dry-down reaction of glc with racemic Lys.
No differences in the overall conversion of Lys into oligomers or
the ratio of a-amidation to e-amidation were observed (Fig. 3
and SI Appendix, Figs. S58 and S59). These results are in
agreement with Forsythe et al. (5), which reported that no dif-
ferences were observed in the product distribution upon dry-
down of L-lac with L-Ala or with p-Ala. We also tested dry-
down reactions of glc with analogs of Lys and Dpr having
methylated side chains. We found that dry-down of glc with ei-
ther Lys(Me),-OH or with H-Lys(Me);-OH resulted in oligo-
merization of these amino acids through their a-amine to an
extent similar to that of free Lys. As would be expected, no ac-
ylation at the methylated e-amine was observed. Also consistent
with the oligomerization involving Lys, we observed a slight
upfield shift of the nonamidated e-protons, indicative of oligo-
merization through the a-amine in both cases (S Appendix, Figs.
S60 and S61). Dry-down of glc with H-Dpr(Me),-OH resulted in
the formation of new peaks in the ~1.5-ppm region in the 'H
NMR spectra (which are not present in the amino acid), so it
appears that this amino acid largely degraded during the dry-down
reaction. There was no evidence consistent with incorporation of
H-Dpr(Me),-OH into oligomers (S Appendix, Fig. S62).

Nonproteinaceous Amino Acids Orn and Dab Cyclize during Dry-
Downs. NMR analyses indicated that both Orn and Dab un-
derwent cyclization into lactams, composed of a 6-membered
ring for Orn and a 5-membered ring for Dab (Table 1 and S/
Appendix, Figs. S42, S45, S54, and S55). The identified lactams
were either monomeric or C-terminal lactams in polymers,
amidated both at their a-amine and side-chain amine. Cycliza-
tion products were identified via comparison with lactam stan-
dards of Orn and Dab (SI Appendix, Figs. S54 and S55) and MS
analysis, which indicated that dry-down reactions with Orn or
Dab produced depsipeptides with additional water losses (S
Appendix, Figs. S3 and S4). As supported by essentially in-
significant extent of lactam formation in control dry-down re-
actions of Orn and Dab without any hydroxy acid (SI Appendix,
Fig. S28), these intramolecular cyclizations result from ester—
amide exchange, which is the same mechanism that leads to the
formation of depsipeptides in dry-down reactions.

Product yields of dry-down reactions of 6 cationic amino acids with hydroxy acids

Side-chain amidation
excluding

o-Amidated, side-

Lactam C-terminal chain free amino

Reaction  conversion (%)*  Amidation (%)" amidation (%)* monomer (%) lactam (%) lactamization (%) acid in polymers (%)
glc+Dpr 28 3-28 24 ND ND ND 3
glc+Dab 58 44 25 14 5 6 33
glc+O0rn 94 62 60 32 28 ND 34
glc+Lys 88 88 12 ND ND ND 77
glc+Arg 92 92 8 ND ND ND 85
glc+His 90 90 ND ND ND ND 90
lac+Lys 76 76 7 ND ND ND 71

Quantitated by integration of "H NMR peaks (see Materials and Methods). ND, not detected.
*QOverall conversion refers to the conversion of an amino acid monomer into products.
"The extent of amidation on the a-amine, independent from the extent of side-chain amidation.
*The extent of amidation on the side-chain group, independent from the extent of a-amine amidation.
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Fig. 3. Dry-down reactions of glc and Lys produce primarily linear oligomers
by amidation at the a-amine rather than the side-chain e-amine. The "H NMR
spectra of (A) a 5:1 mixture of glc and Lys monomers, before the dry-down
reaction, with blue (s-resonance) and red (a-resonance) highlighting; (B) a
synthetic standard of Lys acylated with glc at the e-amine demonstrating the
downfield shift of the e-resonance; (C) a synthetic standard of Lys acylated
with glc at the a-amine; and (D) dry-down of a 5:1 mixture of glc and Lys at
85 °C for 7 d. Upon a-amidation of Lys with glc, the Lys a-proton resonance
shifted downfield to 4.43 ppm, and the e-proton resonance shifted slightly
upfield. An additional Lys resonance observed at 4.62 ppm corresponds to
Lys species that are both a-amidated and esterified, as confirmed by com-
parison with a glc-Lys(-a)-glc standard. The colored envelopes in D indicate
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Dry-Down Reactions Chemically Select for Incorporation of Proteinaceous
Amino Acids. The extensive cyclization of Dab and Orn into lactams
and lower conversion for Dpr in dry-down conditions suggested
that proteinaceous amino acids might outcompete these non-
proteinaceous amino acids for incorporation into oligomers when
more than one amino acid were simultaneously present. To test
this prediction, we carried out dry-down reactions using a mixture
of Lys and Dab with glc (10:1:1 ratio of glc:Dab:Lys) or Lys and
Orn with glc (10:1:1 ratio of glc:Orn:Lys). Although the com-
plexity of the resulting product mixtures prevented complete
characterization by "H NMR, we can make some relevant obser-
vations. In the mixture containing Dab and Lys, the reaction
produced depsipeptides that incorporated most of the Lys that was
present, whereas at least 40% of Dab was excluded completely
from the oligomers as a lactam monomer (18.5%) or incorporated
only as a C-terminal lactam (21.5%) (Fig. 4). Similar to what was
observed in the reaction containing only Lys and glc, in this
competition reaction, Lys oligomerized regioselectively via the
a-amino group and maintained free e-amines. However, it is no-
table that Lys and Dab reacted differently in the ternary
mixture of gle+Lys+Dab than in the binary mixtures of either
glc+Lys or gle+Dab. For instance, we observed more side-chain
amidation for Dab in the presence than in the absence of Lys,
which contributed to an overall higher conversion of Dab (86%)
in this reaction compared with the glc+Dab reaction (58%).
Moreover, there was less side-chain amidation for Lys in the
presence (<5%) than in the absence (12%) of Dab. This higher
regioselectivity contributed to a somewhat lower overall con-
version of Lys into oligomers in the ternary (63%) than in the
binary (88%) system. Similar results were obtained for a ternary
mixture of glc+Lys+Orn. Robust cyclization of Orn was evident,
while Lys oligomerized regioselectively via the a-amino group
and maintained free e-amines (S Appendix, Fig. S63). Overlap in
"H NMR spectra prevented quantitation of the extent of con-
version of Orn and Lys. Overall, the findings here support a
mechanism by which proteinaceous cationic amino acids could
have been chemically selected over nonproteinaceous competi-
tors for incorporation into cationic depsipeptides.

Discussion

Experimental evaluation of models of early protein evolution is
critical for understanding the origins of life. Models of chemical
evolution in which unactivated amino acids directly condense to
form polypeptide face 3 main obstacles which have been partially
resolved:

1) Formation of peptide bonds is thermodynamically unfavor-
able in aqueous solution (37, 38). The resolution is as
follows: The free energy of peptide bond formation is
modulated by water activity. In dilute aqueous solution, pep-
tide bond cleavage by hydrolysis is thermodynamically favor-
able. Under “dry-down” conditions, peptide bond formation
by condensation dehydration is thermodynamically favorable.
Depsipeptides, which contain mixtures of ester and amide
linkages (Fig. 14), form spontaneously under mild conditions
during dry-down of mixtures of hydroxy acids and amino
acids (5-9).

2) Formation of peptide bonds is kinetically frustrated by high-
energy barriers. The resolution is as follows: Pathways with
low activation energies for peptide bond formation are pro-
vided by esterification preceding ester—amide exchange (Fig.
1D) (5-9, 39).

species that are either amidated (am) or not (free) at a or ¢ positions. An
asterisk indicates all states, including monomer and all possible oligomeric
species.
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Fig. 4. Dry-down reactions chemically select for incorporation of pro-
teinaceous amino acids into depsipeptide products. (A) A schematic diagram
for the dry-down reaction used for the competition experiment between Lys
and Dab in the presence of glc. (B) The "H NMR spectrum of the dry-down
reaction indicated that Lys maintains free e-amines in depsipeptide products
(red) whereas Dab with free side-chain amines is extensively excluded from
the oligomers. Rather, Dab is observed mainly as lactams (green, lactam
monomer; blue, a-amidated lactam).

3) Formation of peptide oligomers or polymers is hindered by
cyclization of dipeptides into DKP side products (11, 12, 40—
43). The resolution is as follows: Facile ring opening of cyclic
hydroxy acid dimers (dilactones, i.e., lactide and glycolide)
and cyclic amino acid—hydroxy acid heterodimers (morpho-
linediones) promotes oligomerization.

Selective Reactivity. The dry-down reactions here with mixtures of
various cationic amino acids and hydroxy acids produced dep-
sipeptides. The proteinaceous amino acids Lys, Arg, and His
oligomerized more readily and preferentially at the a-amine than
the nonproteinaceous amino acids Orn, Dab, and Dpr. Before
our work here, there was no experimental demonstration of se-
lective incorporation of Lys, Arg, and His over Orn, Dab, and
Dpr into proto-proteins. The exclusion of Orn is especially sig-
nificant considering that it is abundant in biological systems and
has been proposed as a component of primitive oligomers (44).
The results here are consistent with a model in which Lys, Arg,
and His yielded longer, potentially more functional oligomers in
prebiotic systems, contributing to their ultimate selection in
coded translation. The combined data support the idea that in-
trinsic amino acid reactivity, especially in regard to oligomeri-
zation potential, may have played a role in selection of
proteinogenic amino acids. Along these lines, a previous study
has demonstrated that Pro incorporates much more rapidly than
linear N-alkyl amino acids in the ribosome (45), in accordance
with expectations based on inherent sterics and basicity.

In addition to a higher extent of incorporation into products,
we also observed preferential acylation of the a-amine over the
side-chain amine for Lys, Arg, and His in plausible prebiotic
oligomerization reactions. Side-chain—acylated His would not be
expected considering the hydrolytic instability of acyl imidazoles.
However, we were initially surprised by the substantially lower
degrees of side-chain acylation for Lys and Arg compared with

Frenkel-Pinter et al.

Orn, Dab, and Dpr. The striking preference for linkage at the
a-amine over the side-chain amine for certain amino acids is
of special interest because this regioselectivity generates a
“proteinaceous”-like backbone topology rather than polymers
that are cross-linked and that have nonbiological topology. Our
results provide an empirical chemical basis for the selection of
proteinaceous cationic amino acids over these nonproteinaceous
amino acids on early Earth. It was previously suggested that the
selection of Lys over shorter analogs (Orn, Dab, and Dpr) is
related to the ability of Lys to form superior ion-pairing inter-
actions with negatively charged amino acids in helical structures
(46); however, that model was undermined by the observation
that replacement of Lys with Dab can increase the stability of
protein—protein interactions in other contexts (47). An alterna-
tive mechanism that achieves regioselective a-amidation of Lys
involving oxidation of amino thioacids has recently been put
forth (48). The robust cyclization of Orn and Dab under dry-
down conditions may have served as a selective force to exclude
them from the repertoire of coded amino acids. Peptides con-
taining Orn are labile because of internal lactamization by the
side-chain amino group that cleaves the peptide backbone (49, 50).
Further, the putative aminoacyl ester of transfer RNA (tRNA)
containing an Orn or Dab ester would suffer from intramolecular
cyclization to the lactam form, akin to what was observed in our
dry-down reactions, which would hinder incorporation of these
amino acids into proteins during translation (49).

Differences in pK, (negative logarithm of the acid dissociation
constant) between the a-amines and side-chain amines may ac-
count, in part, for the observed selectivity (51). The pK,s of the
a-amines in Arg, Lys, Orn, Dab, and Dpr are ~2 to 3 units lower
the pK,s of the corresponding side-chain amines (Table 2),
resulting in a higher fraction of deprotonated, nucleophilic
amine at the a-position under the acidic conditions of the re-
action (52-54). Furthermore, esterification of the amino acids
during the dry-down would cause the pK,s of their a-amines to
be lowered, whereas the pK,s of the side-chain amines would be
largely unchanged, likely affording higher regioselectivity (55,
56). Preferential a-amine reactivity based on differences in
amine pK, values would only be expected at lower pH values
where relative differences in protonated and unprotonated
amine forms could influence the reaction; indeed, under more
basic aqueous conditions, preferences for side-chain amidation
over a-amidation have been reported for reactions of Lys, Orn,
Dab, and Dpr (57, 58).

Differences in pK, values alone do not fully explain our ob-
servations, because these differences incorrectly predict that Arg,
Lys, Orn, Dab, and Dpr would exhibit similar degrees of regio-
selectivity (since their o vs. side-chain pK, differences are simi-
lar). Instead, we observed superior regioselectivity for Arg and
Lys compared with these nonproteinaceous amino acids. It
seems likely that the relatively high levels of side-chain amida-
tion for Orn and Dab are due mostly (if not exclusively) to
intramolecular amidation. When Orn or Dab are esterified, the
side-chain amine can attack the ester in an intramolecular re-
action to form a 6-membered (Orn) or 5-membered ring (Dab).
On the other hand, a similar intramolecular process with ester-
ified Lys would require the formation of a 7-membered ring,
which is enthalpically and entropically more difficult than the
smaller ring analogs (Fig. 54). The lower reactivities of Dpr and
Dab might be explained by intramolecular hydrogen bonding
between their 2 amino groups, forming more thermodynamically
stable 5- or 6-membered rings compared with amino acids
bearing more methylene groups in the side chain, or similarly,
due to internal “salt bridge” formation (Fig. 5B) (59).

Abiotic Amino Acids. The plausibility of prebiotic production of

cationic amino acids is complex and unresolved. Amino acids
with shorter cationic side chains, such as Orn and Dab, have been
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Table 2. pKj, values of the cationic amino acids used in this
study

pK, pK, differences
pK, protonated (side chain minus
Amino acid a-ammonium side chain a-ammonium)
Dpr 6.4 9.4 3.0
Dab 8.2 10.2 2.0
Orn 8.7 10.8 2.1
Lys 8.9 10.8 1.9
Arg 9.0 12.5 3.5
His 9.2 6.0 -3.2

found in meteorites and produced in model prebiotic reactions.
Orn and Dab are thought to have been abundant on prebiotic
Earth (26-30). Prebiotic routes have been proposed for pro-
duction of both Arg and His (33, 34), and Lys has been found in
meteorites (31, 32). It has been proposed that His might have
prebiotic roots from imidazole-4-acetaldehyde through the
Strecker synthesis (34). A prebiotic route for production of Arg
has been proposed that relies upon a cyanide-rich reducing envi-
ronment containing hydrogen sulfide (33). It will be interesting, in
the future, to explore the nature of the chemical reactivity of other
nonproteinogenic amino acids. For instance, we performed a dry-
down reaction of glc with L-2-amino-3-guanidinopropionic acid
(Agp), which is an analog of Arg that is shorter by 2 methylene
groups in its side chain. Oligomers of glc and Agp were observed
by MS, and a complete conversion of the amino acid into products
was observed by 'H NMR. MS indicated that the oligomers of glc
and Agp corresponded mainly to species with additional water
loss. This water loss is likely due to cyclization between the Agp
side chain and carboxyl group to form a dihydropyrimidinone (S/
Appendix, Figs. S64 and S65), in analogy with the tendency of Orn
and Dab to form lactams. An additional/complementary mech-
anism for generating cationic depsipeptides would be the oligo-
merization of cationic hydroxy acids, such as isoserine, serine, 2-
hydroxy-4-aminobutyric acid (hydroxy acid analog of Dab), or
2-hydroxy-6-aminohexanoic acid (hydroxy acid analog of Lys).

Peptide Evolution—Working Model. The studies reported here
represent our first step in exploring the following working model
for ribosomal origins and evolution (60-62). Interactions be-
tween short, unstructured proto-peptide oligomers and proto-
ribosomal RNA drove an evolutionary process of molecular re-
finement in which the unstructured proto-peptides converted
over time into simple antiparallel f—f secondary structures,
which then collapsed into p-strand protein domains, which
eventually gave rise to complex folds composed of a-helices and
pB-strands. In this model, protein synthesis and protein folding
coevolved along with the translation system. At the earliest
stages, proto-peptide synthesis cooperated with differential rates
of hydrolytic degradation, mediated by folding and assembly, to
drive chemical evolution (1, 63-66). This model is consistent with
incremental conversion of noncoded depsipeptides (which are
unstructured, in part, due to their ester bonds, below) to coded
polypeptide (which can fold to well-defined functional domains).
This model is consistent with the following: 1) facile synthesis of
cationic depsipeptides in dry-down reactions, as demonstrated
here; 2) the association of cationic depsipeptides with RNA; 3)
limited folding, self-assembly, and stability of depsipeptide be-
cause of unbalanced numbers of backbone amide hydrogen bond
donors and acceptors and weakened ester backbone hydrogen
bonding acceptors, as well as higher flexibility of the ester bonds
compared with amide bonds; 4) greater lifetimes of peptide than
depsipeptide due to higher rates of hydrolysis and intramolecular
cyclization in esters than in amides; 5) conversion of esters into
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amides via ester—amide exchange; and 6) close analogy of ester—
amide exchange in dry-down reactions and in the ribosome (67).
Peptide bonds are formed in the ribosome when the nascent
peptide, preesterified at its C terminus to the 3’ end of the P-site
tRNA, undergoes ester—amide exchange with a free amine of an
amino acid linked to the A-site aminoacyl tRNA. Similarly,
depsipeptides in dry-down reactions are formed in condensation
reactions with an ester precursor that undergoes ester—amide
exchange with an amino acid.

Molecules in Mutualism. As a next step in evaluating the above
model of peptide evolution, we are actively exploring whether
incorporation of cationic amino acids in depsipeptides confers
functional properties such as interactions with RNA or catalytic
functions. Since the side chains are substantially unlinked and
ionizable in the depsipeptides produced by the proteinaceous
amino acids, the resulting depsipeptides are cationic around
neutral pH. In analogy with peptides, depsipeptides decorated
with diverse functional groups should exhibit a variety of func-
tions and interactions with other polymers. Szostak and co-
workers (68) reported that short cationic peptide amphiphiles
can drive RNA binding to protocell membranes and thus in-
crease the local concentration of the RNA; cationic depsipep-
tides might be expected to show similar properties. Likewise,
cationic depsipeptides might engage in mutualistic interactions
with fatty acids, as has recently been described for cationic
peptides by Greenwald and coworkers (69). Cationic side chains
in proto-peptides could have facilitated important interactions
with other proto-polymers, similar to their crucial role in today’s
biology (70-72), that could have shaped the early stages of
evolution (73). Moreover, cationic depsipeptides could have
exhibited ligand binding and/or catalytic activities such as aldol
condensation, Michael addition, and ester aminolysis (8, 74-79).

A NH,
NH, \
Bls ) | 7-membered
"\ 5-membered / Q-membered / Kin S
i / ring / g
/ ring » y,
Yo o} o}
,&I‘\H \35 ,S’s\ H \35 ,S"S\-E \35
0 o] o]
Dab Orn Lys

l fast l fast lslow

NH
«‘;‘“NJ:( Sy = Ay NH
H H

0 0 H 0
Dab lactam Orn lactam Lys lactam
H, +
+ +
N
MY W )
= H-. - 2 =
N" o - N co; N “co, T CH--NT €O
2 H, H
2 2 2
Dpr Dab Orn Lys
5-membered 6-membered 7-membered 8-membered
ring ring ring ring

Fig. 5. Possible rationale for the observed lower chemical reactivity and
incorporation of nonproteinaceous amino acids Dpr, Dab, and Orn. (A) A
schematic diagram showing lactam formation for Dab, Orn, and Lys. Closure
of the Lys lactam requires the formation of a 7-membered ring, which is
enthalpically and entropically less favorable compared with the smaller ring
lactams of Dab and Orn. (B) Intramolecular hydrogen bonding between
amine moieties may explain the relatively lower observed conversions for
Dpr and Dab compared with Orn and Lys.
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For example, Adamala et al. (76) showed that, when encapsu-
lated within fatty acid vesicles, the dipeptide Ser—His catalyzed
ester aminolysis to form a second, hydrophobic dipeptide. The
newly formed dipeptide localized to the vesicle membranes,
which imparted enhanced affinity for fatty acids and thus pro-
moted vesicle growth.

Materials and Methods
Standards. Synthesis of standards is presented in S/ Appendix.

Dry-Down Reactions. For formation of cationic depsipeptides, aqueous so-
lutions of hydroxy acids and amino acids at a 5:1 molar ratio (in favor of the
hydroxy acid) were allowed to dry at 85 °C under unbuffered, mildly acidic
conditions (initial pH of ~3) for 1 wk. The amino acids were all used in their
HCl form, and no additional salt was added to the reactions. Control reac-
tions contained either a hydroxy acid alone or an amino acid alone. For
testing possible chirality-based differences between L-Lys and p-Lys, glc was
dried with a racemic mixture of Lys at a 10:1:1 molar ratio (glc:L.-Lys:p-Lys).
For the competition experiments, glc was dried with Lys and Dab at a
10:1:1 molar ratio (glc:Lys:Dab) or with Lys and Orn at a 10:1:1 molar ratio
(glc:Lys:Orn). Before analysis, dry-down samples were resuspended in ultra-
pure water to 100 mM concentration based on original amino acid con-
centration, vortexed, sonicated in ice, and centrifuged at 15,294 x g for
5 min. The supernatant, which contained nearly all of the amino acid present
in the reaction based on NMR analysis, was collected and diluted to the
specified concentration.

NMR Spectroscopy. NMR spectra were recorded on a Bruker Avance 11-500. A
long relaxation delay time of 15 s was used for dry-down mixtures to ensure
quantitative integration of the resonances. Data were processed and spectra
were plotted with MestReNova and TopSpin software packages. NMR spectra
for standards and dry-down reactions not shown in the manuscript are
contained in S/ Appendix.

Overall conversion (Table 1) is the lowest percent estimate of conversion
of amino acid monomer into products. With the exception of His, the overall
conversion was estimated from integration of the free, nonamidated
a-proton 'H NMR resonance. The overall conversion for His was estimated
from integration of nonreacted vs. reacted imidazole proton resonance.

The extent of amidation on the a-amine (Table 1) was estimated by in-
tegration of "H NMR resonances. A range is given for Dpr due to noise in the
"H NMR spectra; the upper limit is the conversion extent of Dpr (based on
the free a-proton region) with the assumption that there are no species that
are esterified but not amidated. This assumption is supported by the absence
of resonances for species that are esterified but not amidated in the '"H NMR
spectra of glc and Lys dry-down reactions. The lower Dpr limit is estimated
from the integration of the p-proton resonance, which is shifted upfield
upon a-amidation in the absence of side-chain amidation. The extent of
amidation of the a-amine for Dab and Orn was estimated from downfield
shifted a-proton resonances, and excluding the free lactam, which was
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shifted downfield as well. For Orn, the upper limit for a-amidation is 62%
(94% conversion minus 32% lactam monomer). For Dab, the upper limit for
a-amidation is 44% (58% conversion minus 14% lactam monomer). For Arg
and His, estimates of the extent of a-amidation assumed Arg and His gave
a-resonance shifts that are similar to those of Lys.

The extent of amidation at side-chain amines was quantified by in-
tegration of the resonance corresponding to methylene protons adjacent to
the side-chain amine. These resonances shift downfield upon side-chain
amidation. The extent of formation of lactam monomer of Dab or Orn
was quantified by integration of the most downfield -proton of the lactam
monomer. The extent of C-terminal lactam formation for Dab or Orn was
quantified by integration of the second most downfield p-resonance, cor-
responding to the C-terminal lactam (confirmed via standards). Side-chain
amidation excluding lactamization was calculated by subtraction of the
lactam fraction (as either monomers or as C-terminal lactams) from the
fraction that represents side-chain amidated amino acid for the corre-
sponding amino acid (Dab or Orn). For Arg, the downfield chemical shifts of
the 3-protons are consistent with side-chain amidation, as noted for the
other amino acids.

For Dpr, the lower limit of a-amidated, side-chain free amino acid in oligo-
mers was quantified by integration of upfield p-protons that had shifted up-
field. For Dab and Orn, the estimate was based on subtraction of the C-terminal
lactam and side-chain amidated amino acid (which excludes lactamization
products) from the fraction of a-amidated amino acid. For Lys, Arg, and His,
the lower limit was calculated by (X, .amidated) times (1 — Xside-chain amidated)- FOT
instance, for the glc+Lys mixture, given that the conversion of amino acid
monomer into oligomers was at least 88%, and that a maximum of only
12% of linkages involved the e-amino group, we can conclude that at least
77% [88 x (1 — 0.12)] of Lys in these depsipeptide mixtures has retained free
side-chain e-amines.

MS. LC-MS data were collected on an Agilent 1260 HPLC coupled to an Agilent
6130 single quadrupole mass spectrometer (Agilent Technologies) and an
inline Agilent UV absorbance detector (210 nm) using a 3.0-kV electrospray
ionization (ESI) capillary voltage. Samples were directly infused into the mass
spectrometer by ESI.

Processing of MS data were conducted using a suite of macros (Igor Pro-
8.0). The macros, upon user input of reactants, search the spectrum for m/z
values corresponding to condensation—dehydration reactions and auto-
matically label peaks with this information. This processing package, along
with a how-to-guide, is freely available at https:/github.com/GATech-
HudLab/Mass-Spec-Processor. LC-MS data are compiled in S/ Appendix.
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