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ABSTRACT: Why life encodes specific proteinogenic amino acids
remains an unsolved problem, but a non-enzymatic synthesis that
recapitulates biology’s universal strategy of stepwise N-to-C
terminal peptide growth may hold the key to this selection. Lysine
is an important proteinogenic amino acid that, despite its essential
structural, catalytic, and functional roles in biochemistry, has
widely been assumed to be a late addition to the genetic code.
Here, we demonstrate that lysine thioacids undergo coupling with
aminonitriles in neutral water to afford peptides in near-
quantitative yield, whereas non-proteinogenic lysine homologues,
ornithine, and diaminobutyric acid cannot form peptides due to
rapid and quantitative cyclization that irreversibly blocks peptide
synthesis. We demonstrate for the first time that ornithine
lactamization provides an absolute differentiation of lysine and ornithine during (non-enzymatic) N-to-C-terminal peptide ligation.
We additionally demonstrate that the shortest lysine homologue, diaminopropionic acid, undergoes effective peptide ligation. This
prompted us to discover a high-yielding prebiotically plausible synthesis of the diaminopropionic acid residue, by peptide nitrile
modification, through the addition of ammonia to a dehydroalanine nitrile. With this synthesis in hand, we then discovered that the
low basicity of diaminopropionyl residues promotes effective, biomimetic, imine catalysis in neutral water. Our results suggest
diaminopropionic acid, synthesized by peptide nitrile modification, can replace or augment lysine residues during early evolution but
that lysine’s electronically isolated sidechain amine likely provides an evolutionary advantage for coupling and coding as a preformed
monomer in monomer-by-monomer peptide translation.

■ INTRODUCTION
The universal nature of the genetic code, and the specific
amino acids encoded, suggests its deep-seated origin.1−4

However, how life came to use the particular set of
proteinogenic amino acids remains a central challenge within
prebiotic chemistry.5−19 A rationalization of why the
proteinogenic amino acids are as such, and not otherwise,
may hold essential clues to elucidating the chemical transition
from abiotic chemistry to the first living system(s) and enable a
better understanding of life itself.3,20−24 Additionally, chemical
studies into whether alternative amino acids were available at
the origins of life, that were later supplanted or shorn from
biology, are necessary to understand both the functional
capability of early peptides and which privileged sidechains (if
any) in extant life are a remnant of prebiotic chemistry.3,25,26

Lysine (Lys, Figure 1) is a structurally, catalytically, and
functionally important proteinogenic amino acid that possesses
a basic sidechain amine, which is protonated and therefore
cationic at neutral pH (ε-NH2 pKaH 10.8).27 The charge on
Lys’s ε-amine at physiological pH enables many essential
interactions, including roles in hydrophilicity, hydrogen

bonding, ion transport, cation−π interactions, and the net
charge of proteins and protein surfaces, which in turn influence
protein function.28 Lys is also often involved in post-
translational modifications that then further regulate these
functions, for example in histone modifications and gene
expression.29

Lys’s positive charge promotes interactions with negatively
charged biopolymers, such as DNA and RNA,30 and it has
been proposed that electrostatic interactions between cationic
peptides and anionic nucleic acids played a key role in
abiogenesis.31−35 However, Lys has commonly been regarded
as a “biological invention”,36,37 and so Lys has been widely
assumed to be unavailable in the context of prebiotic
chemistry. This assumption seems to contradict the obvious
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value and universal nature of lysine peptides in both extant life
and early evolution. Both cysteine (Cys) and arginine (Arg)
have similarly been assumed to be late additions to the genetic
code.36,37 However, prebiotically plausible routes for their
synthesis have recently been uncovered, suggesting that the
value and availability of Lys must also be re-evaluated.13,21

While Lys is unique in the context of proteinogenic amino
acids, it can easily be envisioned that other (simpler) diamino
acids (Figure 1) can bridge the gap between availability and
function during the transition from prebiotic chemistry to
extant biology. Therefore, investigations into the intrinsic
chemical reactivity of Lys and homologous diamino acids in
water are essential to both illuminate their potential origins
and to constrain which amino acid sidechains would be
compatible with key steps in non-enzymatic prebiotic peptide
synthesis. While Lys is incorporated into proteins by the
translational machinery of cells, its homologues 2,3-diamino-
propionic acid (Dpr), 2,4-diaminobutyric acid (Dab), and
ornithine (Orn) are not (Figure 1). Moreover, although Orn is
not a proteinogenic amino acid, it still plays an important role
in biochemistry, for example it is an intermediate in the
biosynthesis of both Arg and proline (Pro)38,39 and is a major
feedstock for polyamine biosynthesis.40

It has been suggested that Orn may have been
“proteinogenic” prior to a biological innovation41 but was
supplanted by Arg due to an (unknown) advantage of Arg over
Orn.42 Extant Arg aminoacyl tRNA synthetases (ArgRS) do
not contain editing domains,43 enabling the possibility that
pre-translational synthesis on ArgRS afforded Arg from Orn in
an early (bio)chemical arena. However, Arg decapeptides
inhibit the activity of RNA polymerase ribozymes (at
suboptimal Mg2+ concentrations), whereas Orn decapeptides
boost ribozyme activity,32 suggesting that a peptide−ribozyme
interaction on its own would not necessarily have led to Arg
displacing Orn from a primitive genetic code.
Previous suggestions for the exclusion of Orn and Dab from

the genetic code have centered on the proposed lactamization
of their respective aminoacylated-tRNAs,24,44−47 but it is
unlikely that this mechanism would exclude Dpr from the
genetic code. The point of prohibition of amino acid

sidechains from life’s peptides may have preceded or been
orthogonal to aminoacyl-(t)RNAs. The most direct point at
which chemical discrimination between amino acid residues
can be achieved would seemingly be during either their
chemical synthesis or the formation of peptide bonds, and thus
direct discrimination during peptide synthesis warrants
chemical evaluation. However, none of the suggestions for
differentiation of Orn and Lys have been demonstrated to
deliver a selective non-enzymatic (protecting-group-free)
synthesis of Lys peptides. We specifically envisaged that the
reported aqueous lactamization of Orn and Dab47,48 could be
used to discriminate between proteinogenic and non-
proteinogenic sidechains during peptide bond formation in
water. The structural relationship between biological amino
acids Pro, Arg, and Orn, but dissimilarity of biological amino
acid Lys, suggested to us that the selection of Lys must be
based upon an underlying chemical differentiation of its
homologues during peptide synthesis rather than during
monomer synthesis (Figure 1). The unique structural
disposition of Lys suggested to us that the length of its
sidechain, which impedes lactamization, is chemically
privileged to undergo C-terminal peptide synthesis at a
growing peptide chain. We sought to test this hypothesis
through the lens of non-enzymatic peptide synthesis in water.
We have recently shown that α-aminonitriles (AA-CN) can

be exploited in a non-enzymatic, biomimetic N-to-C terminal
synthesis of peptide bonds in aqueous solution.11,13,15 Our
ligation follows the same synthetic strategy as biological
peptide growth, which universally proceeds in the N-to-C
terminal direction and through activation of the C-terminus of
the growing peptide to nucleophilic addition of the incoming
monomer. If this (biological) synthetic logic for peptide
synthesis has endured from life’s prebiotic beginnings, it may
hold the key to understanding the selection of Lys peptides.
We suspected that the environmental constraints imposed
upon peptide chemistry by near neutral pH aqueous
conditions, coupled with (biomimetic) N-to-C peptide growth,
would be a key element in lysyl sidechain selection, so we set
out to further investigate prebiotic peptide ligations through C-
terminal lysyl-peptides in water.
The reactivity of AA-CNs circumvents a myriad of problems

for peptide synthesis using amino acids (AA-OH) in
water.11,13,15 For example, the low basicity of AA-CNs (pKaH
∼ 5.6)49 makes them ideally suited to be nucleophilic in
neutral water, where the nucleophilicity of AA-OHs (pKaH ∼
9.8) is predominantly quenched by protonation.11 Importantly,
with respect to Lys, the low pKaH of an AA-CN provides the
chemical differentiation required to directly ligate Lys
aminonitrile monomers (Lys-CN) to a growing peptide
chain (α/ε > 78:1 at pH 7.0), and therefore protecting
group-free Lys peptide ligation in water.11

In addition to its effect on α-selectivity, the nitrile moiety
delivers the thermodynamic activation required (to the C-
terminus of the growing peptide chain) to drive further N-to-C
(biomimetic) peptide growth. The iterative ligation of peptidyl
thioacids and AA-CNs generates polypeptides and can be
achieved over a broad pH range with mild prebiotic activating
agents, such as potassium ferricyanide (K3Fe(CN)6), Cu2+, or
cyanoacetylene.11 Operating within this ligation cycle and in
water at near-neutral pH, we sought to test whether C-terminal
ligation of α-thioacids of Lys (e.g., Ac-Lys-SH), and its
homologues, to aminonitriles would provide the selection, via
lactamization, required to exclude the non-proteinogenic

Figure 1. Structural comparison between lysine homologues. (a) The
structures of proteinogenic amino acids Lys-OH, Arg-OH, and Pro-
OH and (b) the structures non-proteinogenic amino acids Orn-OH,
Dab-OH, and Dpr-OH. The non-proteinogenic amino acid Orn-OH
contains the same three-carbon methylene chain that is observed in
the proteinogenic amino acids Arg-OH and Pro-OH, whereas
proteinogenic Lys-OH contains a structurally unique linear four-
carbon methylene chain.
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homologues of Lys from peptide coupling through their
carbonyl moiety at neutral pH in water.

■ RESULTS AND DISCUSSION
Selective Incorporation of C-Terminal Lys over Orn

Residues. To demonstrate the efficacy of lysyl-peptide nitrile
synthesis in water, Ac-Lys-SH (60 mM) was ligated with Gly-
CN (2 equiv) and K3Fe(CN)6 (3 equiv). At pH 7, near-
quantitative formation of dipeptide Ac-Lys-Gly-CN (96%) was
observed (Figure 2; Table 1, entry 1). Good yields were also

achieved with the more sterically encumbered AA-CNs, Ala-
CN (70%), and Val-CN (60%, Supplementary Figures 4−7).
Intermolecular AA-CN ligation outcompetes intramolecular
cyclization of Ac-Lys-SH at near neutral pH (pH 5.0−7.0);

however, at elevated pH (pH 8.0−10), cyclization to lactam 1
begins to dominate (Supplementary Figure 3).11 If unbuffered,
the reaction of Ac-Lys-SH with AA-CN and K3Fe(CN)6 is
observed to result in a concomitant decrease in the solution
pH (by ∼2 pH units at 60 mM initial [thioacid]) as the
reaction proceeds to completion. If the reaction is buffered
(e.g., phosphate buffer) at pH 6.0−7.0, an equal ligation yield
is observed to unbuffered reactions that are initiated between
pH 6.0 and 9.0 without undergoing a (significant) change in
solution pH. For example, the reaction of Ac-Lys-SH (60 mM)
with AA-CN (2 equiv) and K3Fe(CN)6 (3 equiv) in phosphate
buffer (600 mM) is observed to yield 93% Ac-Lys-Gly-CN
(Table 1, entry 2). It is of note that in water the low basicity of
AA-CN enables these couplings to occur at neutral or even at
acidic pH, where lactamization is suppressed by protonation of
Lys’s ε-NH2.
We next tested whether the non-proteinogenic Orn residue,

which contains an equally basic δ-NH2 (pKaH 10.8),50 would
display the same ligation profile as Lys. We began by
incubating Ac-Orn-SH (60 mM) with Gly-CN (2 equiv) in
water at pH 7. When K3Fe(CN)6 (3 equiv) was added to
activate the thioacid, near-quantitative cyclization to lactam 2
(95%) was observed (Figure 2; Table 1, entry 5). Peptide
ligation through the C-terminal Orn residue was not detected.
Therefore, at neutral pH, while Lys peptides can grow via N-
to-C terminal ligation, Orn peptides cannot�indicating that
the sidechain basicity and length of Lys are both essential for
effective N-to-C terminal ligation. Indeed, upon incubating Ac-
Lys-SH (60 mM) and Ac-Orn-SH (1 equiv) in neutral water
with Gly-CN (2 equiv) and K3Fe(CN)6 (6 equiv), Ac-Lys-Gly-
CN (>95%) and lactam 2 (93%) were observed as the major
products (Supplementary Figure 40). Furthermore, when a
mixture of Ac-Lys-SH and Ac-Orn-SH (1:1) were incubated in
neutral water at room temperature, selective conversion of Ac-
Orn-SH to lactam 2 (>90%) was observed over 3 days, while
remarkably 93% Ac-Lys-SH was returned (Figure 3). Given the
similar pKaH of Lys and Orn sidechain amines, this switch in
reactivity must be attributed to the length of the sidechain.
Together, these experiments demonstrate for the first time an
absolute and direct nonenzymatic discrimination between Lys
and Orn residues in water during peptide synthesis.24,44,46,47

Lactamization of Ac-Orn-SH (60 mM) cannot be sup-
pressed even by the addition of a large excess of Gly-CN (10

Figure 2. Selective N-to-C terminal ligation of lysine peptides in
water. (a) The reaction of Ac-AA-SH with Gly-CN in neutral water
yields ligation (green), hydrolysis (blue), or cyclization (pink). (b) 1H
nuclear magnetic resonance (NMR; 700 MHz, D2O, 25 °C) spectra
showing the reaction of Ac-AA-SH (60 mM) with Gly-CN (2 equiv)
and K3Fe(CN)6 (3 equiv) at neutral pH after 30 min: (i) Ac-Dpr-SH;
(ii) Ac-Dab-SH; (iii) Ac-Orn-SH; (iv) Ac-Lys-SH. *Methylsulfonyl-
methane (internal standard).

Table 1. Selective Coupling of Lysine with Glycine Nitrile to Yield Peptide Nitrilesa

entry substrate buffer (600 mM) time/h pDi pDf activating agent Ac-AA-Gly-CN % lactam %

1 Ac-Lys-SH 0.5 7.5 3.5 K3Fe(CN)6 96 <1
2 Ac-Lys-SH PB 0.5 7.0 6.8 K3Fe(CN)6 93 5
3 Ac-Lys-OH 48 7.0 9.1 EDC 13 56
4 Ac-Lys-OH PB 1 7.0 7.0 EDC 13 1
5 Ac-Orn-SH 0.5 7.5 5.4 K3Fe(CN)6 n.d. 95
6 Ac-Orn-SH PB 0.5 7.0 6.7 K3Fe(CN)6 n.d. 92
7 Ac-Orn-OH 48 7.0 8.9 EDC 1 73
8 Ac-Orn-OH PB 1 7.0 7.0 EDC n.d. 14

aActivating agent = EDC (120 mM) or K3Fe(CN)6 (180 mM). pDi = initial pD; pDf = final pD. PB = phosphate buffer.
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equiv) at neutral pH (Supplementary Figure 11). Seeking
conditions under which C-terminal Orn-SH residues can be
coerced to ligate, we next incubated Ac-Orn-SH (60 mM),
Gly-CN (2 equiv), and K3Fe(CN)6 (3 equiv) under acidic
conditions (pH 5.0), where the high pKaH Orn δ-NH2 would
be overwhelmingly protonated and lactamization maximally
suppressed. However, the major product of the reaction at pH
5.0 was still observed to be lactam 2 (67%); Ac-Orn-Gly-CN
(<10%) only formed in very low yield (Supplementary Figures
14−16). Further acidification did not increase the yield of Ac-
Orn-Gly-CN (Supplementary Table 2). In contrast, good to
moderate yields of Ac-Lys-Gly-CN were observed even at pH
5.0 (53%) and pH 3.0 (25%) (Supplementary Table 2). These
observations are testament to the matched basicity of Gly-CN
(low pKaH) and Lys’s ε-NH2 (high pKaH), allowing peptide
ligation with aminonitriles under acidic conditions. However, it
is of note that we observed optimal discrimination between Lys
and Orn residues at neutral pH, not under acidic conditions.
At neutral pH, under our reaction conditions this selection is
near-absolute, with near-quantitative Lys peptide ligation and
near-quantitative Orn cyclization (Figure 2b). We are not
aware of any other equally selective (non-enzymatic)
discrimination between Lys and Orn residues during peptide
bond formation.
To test whether the differentiation of Lys and Orn was

specific to thioacid activation, we next incubated Ac-Lys-OH
(60 mM) with the carboxylic acid-activating agent 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, 2 equiv) and
Gly-CN (2 equiv). Unbuffered EDC ligations were observed to
increase in pH (pH 7−9) as the reaction progressed and
therefore resulted in extensive lactamization, yielding only 13%
Ac-Lys-Gly-CN, alongside 56% lactam 1 (Table 1, entry 3;
Supplementary Table 8; Supplementary Figure 51). EDC
activation of Ac-Lys-OH in phosphate buffer dramatically
improved the ratio of ligation/cyclization (13:1) but yielded a
relatively poor (14%) total conversion (Table 1, entry 4;
Supplementary Table 8; Supplementary Figure 52). To avoid

phosphate-catalyzed EDC hydrolysis during peptide activation,
we next investigated imidazole-, MES-, and MOPS-buffered
EDC ligations. While these reactions led to improved yields of
Ac-Lys-Gly-CN (up to 48%), very poor selectivity was
observed; the ligation/cyclization ratio observed in imidazole
(1.6:1), MES (1:1.6), and MOPS (1:1.8) was significantly (>8-
fold) depressed with respect to phosphate buffer at neutral pH
(Supplementary Table 8). Imidazole buffer was also observed
to decrease the coupling selectivity of thioacid ligations
(Supplementary Table 1), likely due to the partial formation
of an acyl imidazole intermediate. On the other hand, the
reaction of Ac-Lys-SH with Gly-CN/K3Fe(CN)6 in phosphate,
MES, or MOPS solution furnished much higher yields (>91%)
and higher ratios of ligation/cyclization (>18:1; Table 1, entry
2, and Supplementary Table 1). Because these Ac-AA-SH
ligations were near-quantitative, and as EDC activation is not
prebiotically plausible, we made no further attempt to optimize
EDC ligations. However, we found that incubation of Ac-Orn-
OH (60 mM) with EDC (2 equiv) and Gly-CN (2 equiv) led
to near-absolute selectivity for lactam 2 (Table 1, entries 7−8;
Supplementary Table 8; Supplementary Figure 53), as was
observed during Ac-Orn-SH activation (Table 1, entries 5−6).
These results suggest that the selective C-terminal capping of
Orn peptides is not wholly dependent on the nature of
activation at the C-terminus but is an inevitable consequence
of the Orn sidechain at neutral pH. These results also
underscore the efficacy, selectivity, rate, and high yield of
thioacid ligations at neutral pH, even in comparison to EDC
activation.

Selective Incorporation of C-Terminal Lys over Dab
Residues. Having successfully shown that Lys residues can be
selectively incorporated into peptides over Orn residues, we
shifted our focus to the other non-proteinogenic homologues
of Lys, Dab, and Dpr, within the context of prebiotic AA-CN
ligation. Given the rapid δ-lactamization of Orn, we suspected
that Dab cyclization, to its γ-lactam 3, would be even more
facile. As anticipated, the reaction of Ac-Dab-SH (60 mM)
with Gly-CN (2 equiv) and K3Fe(CN)6 (3 equiv) in neutral
water led to near-quantitative formation of lactam 3 (95%)
(Figure 2b; Supplementary Figure 18). This indicates that Dab
and Orn can be differentiated from Lys by the same chemical
mechanism during N-to-C terminal peptide ligations.

Selective Incorporation of C-Terminal Lys over Dpr
Residues. We next investigated Dpr. Interestingly, Ac-Dpr-SH
(60 mM) ligated with Gly-CN (2 equiv) in neutral water to
yield Ac-Dpr-Gly-CN (45%) in a moderate yield, alongside
significant hydrolysis to Ac-Dpr-OH (37%) (Figure 2b;
Supplementary Figures 21−24). Dpr, the shortest homologue
of Lys, can therefore also be successfully incorporated into
elongating peptides and would not have been excluded from
peptide synthesis through lactamization. The ligation yield of
Dpr is lower than that of Lys under comparable conditions due
to competing hydrolysis. However, in the presence of excess
Gly-CN (10 equiv), the yield of ligation rose to 66%
(Supplementary Figure 25). Although the formation of β-
lactam 4 was not observed in any Dpr-SH ligations
(Supplementary Figures 27−28), small amounts of multiple
β-branched by-products (<20%) were detected. Equivalent
amounts of ε-branched by-products are not observed in the
high-yielding Lys ligations.
Given that Dpr (Ac-Dpr-SH pKaH 8.7) possesses a

significantly less basic sidechain than Lys (Ac-Lys-SH pKaH
10.8), we next tested the nucleophilicity of the Dpr β-NH2

Figure 3. Selective cyclization of Orn thioacid. The C-terminal Lys
thioacid residue is observed to be highly stable relative to the C-
terminal Orn thioacid residue. (a) Incubation of a stoichiometric
mixture of Ac-Lys-SH (60 mM) and Ac-Orn-SH (60 mM) in D2O at
pD 7.5 was observed to selectively cyclize Ac-Orn-SH to yield lactam
2 in >90% yield after 3 days, while Ac-Lys-SH was unmodified. (b) 1H
NMR (700 MHz, D2O, 25 °C) spectra of Ac-Lys-SH (60 mM) and
Ac-Orn-SH (60 mM) in D2O at pD 7.5 after (i) 3 h and (ii) 3 days.
For clarity, only Lys and Orn α-CH resonances are shown; full spectra
and their assignment are reported in Supplementary Figure 38.
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residue and therefore whether intermolecular reactivity of Dpr
would be problematic for the selective formation of α-linked
peptides. When Ac-Dpr-OH (2 equiv; pKaH 9.2) was incubated
with Ac-Gly-SH (30 mM) and K3Fe(CN)6 (3 equiv) in neutral
water, only small amounts (20%) of β-ligated products
(Supplementary Figure 64) were observed, even with no
other competing amine nucleophile. This is (3×) more reactive
than Lys’s ε-NH2 which gave only 6% of ε-ligation under the
same conditions (Supplementary Figure 66). However, under
our reaction conditions (in the presence of AA-CN), β-
amidation is not problematic and can be readily outcompeted
by AA-CN ligation. Accordingly, Ac-Lys-SH (60 mM) was
ligated with Gly-CN (2 equiv) in the presence of Ac-Dpr-OH
(1 equiv) to yield 94% Ac-Lys-Gly-CN (Supplementary Figure
44). Furthermore, a competition between Ac-Lys-SH (60 mM)
and Ac-Dpr-SH (60 mM) led to similar results, with good
yields observed for Lys (84%) and Dpr (52%) ligation
(Supplementary Figure 45; Supplementary Table 6). There-
fore, while Dpr-SH ligation is lower yielding than the
proteinogenic peptide thioacids,11 Dpr can still be incorpo-
rated in significant yields into growing peptides (∼50% ligation
yield is a good yield in the broader context of general prebiotic
peptide ligation9,12,14,16).
Incorporation of Dpr into a peptide decreases its β-NH2

basicity further (i.e., Ac-Dpr-Gly-SH pKaH 8.1). Intrigued by
the pKaH difference between Lys and Dpr peptides, and the
preferential incorporation of Lys into dipeptides, we next
tested the ligation of Lys and Dpr peptides where the sidechain
amine residues are further removed from the C-terminus. We
also noted that, like the ε-NH2 of Ac-Lys-SH, the β-NH2 of Ac-
Dpr-AA-SH would be 7-atoms from its own activated C-
terminus. Therefore, we next explored the balance between
ligation and cyclization for Ac-Dpr-Gly-SH. The addition of
K3Fe(CN)6 to Ac-Dpr-Gly-SH (20 mM) at pH 9 led to
significant amounts of β-amidation (60%; Supplementary
Figure 31). However, alkaline conditions are problematic
even for Lys. For example, the reaction of Ac-Lys-SH (20 mM)
with Gly-CN (2 equiv) buffered at pD 8.5 led to just 10%
ligation, with cyclization to lactam 1 occurring in 70% yield
(Supplementary Table 1). Even the reaction of Ac-Lys-Gly-SH
(20 mM) with Gly-CN (2 equiv) yields only modest amounts
of ligation (Ac-Lys-Gly-Gly-CN, 14%), alongside large
amounts of ε-amidation (66%) at pH 9 (Supplementary
Figure 36; Supplementary Table 5). However, excellent yields
of ligation (90%) are recovered at neutral pH (Supplementary
Figures 33−35). At neutral pH, Ac-Dpr-Gly-SH (60 mM) also
ligates with Gly-CN (2 equiv) to form Ac-Dpr-Gly-Gly-CN in
good yield (74%; Supplementary Figure 29; Supplementary
Table 4). Moreover, the one-pot reaction of Ac-Lys-SH (60
mM) and Ac-Dpr-Gly-SH (60 mM) with Gly-CN/K3Fe(CN)6
furnished both Ac-Lys-Gly-CN and Ac-Dpr-Gly-Gly-CN in up
to 96 and 69% yields, respectively (Supplementary Figure 50).
While Ac-Lys-SH and Ac-Dpr-Gly-SH both react significantly
through their sidechains under alkaline conditions, at neutral
pH both can be effectively coupled to AA-CN without
considerable sidechain amidation. Cyclization of Ac-Dpr-Gly-
SH, despite its low pKaH, is likely suppressed by the kinetic
barrier for cis−trans amide isomerization in the dipeptide
backbone, as well as by the 7-atom ring size.
C-Terminal Activation and Dpr Sidechain Synthesis.

We have recently shown that Lys aminonitrile (Lys-CN)
exhibits unique α-selectivity in oxidative acylations with Ac-
AA-SH at neutral pH. For example, poor α-selectivity was

observed for the coupling of both Lys-OH (α/ε 1.2:1) and
Lys-NH2 (α/ε 2.7:1) with Ac-Gly-SH, whereas excellent α-
selectivity was observed with Lys-CN (α/ε >78:1, Figure
4a).11

To test whether Lys-peptide nitriles (e.g., Ac-Lys-CN)
formed in α-selective acylations can yield thioacids (e.g., Ac-
Lys-SH), we incubated Ac-Lys-CN (50 mM) with H2S (10
equiv) at pH 9.0. Ac-Lys-CN was smoothly converted to Ac-
Lys-SNH2, which concomitantly cyclized to thiolactam 5 (90%
after 2 days at room temperature; Figure 5; Supplementary

Figure 72). Importantly, sulfur is retained during cyclization;
thus, in contrast to lactamization, the observed thiolactamiza-
tion preserves C-terminal activation and the potential for
peptide ligation. Heating Ac-Lys-SNH2 (50 mM) at 60 °C and
pH 9.5 led to rapid formation of 5, which was then observed to
hydrolyze slowly to furnish Ac-Lys-SH (41% from Ac-Lys-
SNH2 after 10 days; Figure 5; Supplementary Figure 73). In
situ activation of Ac-Lys-SH (7 mM), formed from Ac-Lys-
SNH2, with K3Fe(CN)6 (3 equiv) was coupled with Gly-CN
(2 equiv) at pD 7.5 to afford Ac-Lys-Gly-CN (61% from Ac-
Lys-SH, Supplementary Figure 75).
Given Lys-CN’s remarkable α-selectivity, we next tested the

reactivity of Dpr-CN as a ligation partner in peptide nitrile
synthesis. At neutral pH, where Lys-CN reacted with complete
α-selectivity, the reaction of Dpr-CN exhibited inverted (1:3)

Figure 4. The reaction of Lys-CN is observed to be highly α-selective
(>78:1) at neutral pH, due to the large pKaH difference (ΔpKaH = 5.2)
between the electronically isolated α- and ε-amines, whereas the
ligation of Dpr-CN is β-selective (3:1) at neutral pH. The reaction of
Ac-Gly-SH (50 mM) and K3Fe(CN)6 (3 equiv) at pD 7.5 with (a)
Lys-CN (2 equiv) yields exclusively α-acylated product, and that with
(b) Dpr-CN (1.5 equiv) yields a mixture of α- and β-acylated
products (α/β 1:3).

Figure 5. The reaction of Ac-Lys-CN (50 mM) with H2S (10 equiv)
at pD 9 and room temperature affords the unstable lysine thioamide,
Ac-Lys-SNH2, which then cyclizes to yield thiolactam 5 in 90% yield
after 2 days at room temperature. Hydrolysis of 5, formed in situ from
Ac-Lys-SNH2, to Ac-Lys-SH (41%) was observed at 60 °C and pH
9.5 after 10 days.
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α/β selectivity (Figure 4b; Supplementary Figure 70),
predominately forming β-amide 6 (46%) with small amounts
of α-amide (Ac-Gly-Dpr-CN, 8%) and α,β-bis-amide 7 (8%).
We attribute the poor α-selectivity of Dpr-CN, and its marked
switch in reactivity relative to its homologue Lys-CN, to a
combination of Dpr’s low basicity and the unique vicinal
position of the two amines (facilitating intramolecular general
base catalysis), which together result in β-ligation out-
competing α-ligation for Dpr-CN. Therefore, while Lys-CN
monomers can be highly selectively coupled to growing α-
peptides, the installation of Dpr’s sidechain must occur after
peptide synthesis.
Conceptually, Michael addition of ammonia to a dehy-

droalanine (Dha) moiety would install the correct β-NH2
framework of Dpr. Recently, we have demonstrated that serine
nitrile (Ser-CN) can be readily converted to Ac-Dha-CN by
thioacid activation,13 which necessarily removes sulfide either
by oxidation or precipitation. Reintroduction of sulfide to Dha
yielded Cys. Thus, we reasoned that addition of ammonia,

present in excess (e.g., 5 equiv)21,22 from the Strecker synthesis
of aminonitriles, would yield Dpr.
To test this, we next monitored the reaction of Ac-Dha-CN

and ammonia. At pH 9 and room temperature, we observed
slow, but clean, conversion of Ac-Dha-CN to Ac-Dpr-CN. This
reaction was accelerated at 60 °C, such that Ac-Dha-CN (50
mM) and ammonia (5−10 equiv) furnished Ac-Dpr-CN (81−
85%) after only 3 h (Figure 6a, Supplementary Table 10). The
reaction of Ac-Dha-CN (50 mM) and Ac-Dha-OH (50 mM)
together led to the exclusive formation of Ac-Dpr-CN (77%;
Supplementary Figure 79). No Ac-Dpr-OH was detected,
highlighting the activation that the nitrile moiety relays to the
Dha residue.
The α-nitrile moiety was also observed to have a profound

effect on the β-sidechain amine of Dpr (i.e., Ac-Dpr-CN pKaH
6.5; Figure 6b), and this suppressed basicity leads to excellent
yields of β-amidation (85%, Supplementary Figure 68) if
peptide ligation occurs while this Dpr-nitrile is present. Dpr

Figure 6. Synthesis of a pKaH-modulated Dpr-CN facilitates imine catalysis. (a) 1H NMR (700 MHz, 99:1 H2O/D2O, 25 °C) spectra to show (i)
Ac-Dha-CN (50 mM); (ii) the reaction of Ac-Dha-CN (50 mM) and NH3 (10 equiv) at pH 9 after 3 h at 60 °C. Internal standard =
methylsulfonylmethane. (b) Normalized 1H NMR ω-methylene resonance chemical shift change (Δω‑CH2) observed upon pH titration of Lys
(blue, ε-CH2NH3

+ → ε-CH2NH2) and Dpr (green, β-CH2NH3
+ → β-CH2NH2) residues. The basicity of the Dpr residue (green box, pKaH 6.5−

9.2) is heavily modulated by the peptide backbone and α-carbon, whereas the basicity of the Lys residue (blue box, pKaH 10.4−10.8) is relatively
invariant. The colored lines indicate the reported inflection points (pKaH) of the Lys residues observed in the catalytic site of acetoacetate
decarboxylase (yellow line, ref 63) and D-2-deoxyribose-5-phosphate aldolase (red line, ref 65). (c) 1H NMR (700 MHz, H2O, 25 °C) spectra to
show the decarboxylation of acetoacetate (50 mM) at pH 7 (150 mM imidazole buffer) in the presence of 10 mol % catalyst after 2 days: (i) Ac-
Lys-OH, (ii) Ac-Dpr-OH, (iii) Ac-Dpr-CN. (d) 1H NMR yields of acetone produced by the reaction of acetoacetate (50 mM) at pH 7 (150 mM
imidazole buffer) in the presence of 50 mol % catalyst.
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can therefore be an excellent sidechain nucleophile in water if
its pKaH is unusually depressed by its local environment.
Importantly, the suppressed pKaH of C-terminal Dpr-CN

explains the selectivity of its formation and why multiple
alkylations are not observed. Unlike in general alkylations (e.g.,
NH3 pKaH 9.2 → NH2Et pKaH 10.8 → NHEt2 pKaH 11.1),51

where alkylation increases the pKaH of ammonia, formation of
Ac-Dpr-CN from ammonia substantially decreases the pKaH
and nucleophilicity of the amine product with respect to the
starting amine. Dpr, with respect to other Lys homologues, is
uniquely sensitive to modification by the peptide backbone and
α-substitution (Figure 6b). This reactivity may be valuable in
prebiotic catalysis.52,53

To test the application of Dpr-CN to (biomimetic) catalysis,
we incubated acetoacetate (50 mM) with Ac-Dpr-CN (10−50
mol %) at pH 7 (Figure 6c; Supplementary Figures 86−88).
We observed a pronounced acceleration of acetoacetate
decarboxylation. It is particularly of note that, at pH 7, Ac-
Dpr-CN appears to be ideally suited to promote imine
catalysis. This catalytic activity was likely promoted by the low
basicity of Ac-Dpr-CN (pKaH 6.5). To test this hypothesis, we
additionally investigated the effect of Ac-Lys-CN (pKaH 10.4),
Ac-Lys-OH (pKaH 10.8), Ac-Dpr-OH (pKaH 9.2), and Gly-CN
(pKaH 5.6) on decarboxylation (Figure 6d; Supplementary
Figures 86−88). Pleasingly, Ac-Dpr-CN was the most effective
catalyst at neutral pH. As a final indication of how pH and
catalyst pKaH are coupled, we observed that Gly-CN was the
superior catalyst at pH 5 (Supplementary Figures 83−85).
The remarkably low pKaH of the Dpr-CN moiety requires

that onward peptide ligation of Dpr peptides occurs after the
conversion of the nitrile moiety to a thioacid. However, this is
in line with the outlined strategy for N-to-C terminal peptide
growth by iterative aminonitrile ligation.11 Therefore, we next
investigated the subsequent step in this process, the trans-
formation of Dpr-CN to Dpr-SH. Ac-Dpr-CN (50 mM) was
converted to its thioamide Ac-Dpr-SNH2 upon reaction with
H2S (10 equiv) at pH 9.5, which spontaneously hydrolyzed to
give the thioacid Ac-Dpr-SH (45%) as the major product after
21 h (Supplementary Figure 80). Notably, the hydrolysis of
Ac-Dpr-SNH2 is more facile than proteinogenic peptide
nitriles,11 occurring rapidly even at room temperature, likely
due to the electron withdrawing effect of the β-NH3

+ moiety.48

Taken together, our results demonstrate that a prebiotic
synthesis of the simplest diamino acid (Dpr) is possible from
Dha residues.47 Our results show that Dpr peptides can be
furnished with comparable (∼0.5×) efficacy of Lys peptides.
However, there remains no prebiotically plausible synthesis of
Lys, while the reactivity of Dha-CN and ammonia has been
demonstrated to yield Dpr. Lys residues, once available on the
early Earth, however represent the optimal sidechain for
monomer-by-monomer N-to-C terminal peptide ligation, as
selective α-acylation of the monomer is possible, as well as C-
terminal Lys activation.

■ CONCLUSIONS
Constraining the makeup of primitive prebiotic peptides will
shed light on their structure and reactivity and consequently on
the functions and interactions that these peptides would enable
during the early evolution of life. Specific interactions between
nucleic acids (e.g., DNA and RNA) and peptides may have
been essential at the origin of life.17,18,31−35,54,55 It is even
possible that evidence for this primordial interaction is
preserved today in the core of the ribosome,56 making the

interrogation of the available prebiotic composition of
(cationic) peptides an especially important undertaking. By
investigating the viability of Lys homologues in aqueous
peptide nitrile ligations, we have observed a pronounced
differentiation of Lys from both Orn and Dab. While selective
and near-quantitative ligation through C-terminal Lys residues
is observed at near-neutral pH in water, Orn and Dab both
rapidly and near-quantitatively cyclize to their respective
lactams, completely blocking onward peptide synthesis. It is
of note that we observed the maximum discrimination between
Lys and Orn residues at neutral pH. The exclusion of Orn and
Dab residues from primitive peptides via the same selection
process may explain why these amino acids were not coded in
extant biological protein synthesis. However, the reactivity of
Dpr (Lys’s shortest homologue) is more interesting and
nuanced. While we have demonstrated that Dpr can undergo
ligation without cyclization, the efficacy of peptide ligation is
lower than for Lys. Our results suggest that this decreased
coupling efficiency is primarily due to enhanced hydrolysis at
the Dpr residue, likely due to the proximal or electron-
withdrawing effect of the β-NH3

+ moiety. However, at neutral
pH, peptides containing Dpr can still elongate via AA-CN
coupling even when Dpr is adjacent to the C-terminus, and
despite the depressed pKaH of Dpr (compared to Lys) residues;
β-amidation of Dpr peptides is not problematic at neutral pH
for peptide ligation.
Together, these results demonstrate why Lys is the ideal

amine residue for monomer-by-monomer N-to-C terminal
peptide ligations. The Lys sidechain length is sufficient that the
rapid lactamization observed for both Dab and Orn is
completely suppressed at neutral pH. Additionally, the
sidechain amine residue is electronically isolated from the
peptide backbone (and the α-carbon), such that the Lys
residue has the highest possible primary amine pKaH.

51 This
high pKaH is essential to ensure maximal protonation, and
isolation of the charged sidechain amine is necessary to prevent
hydrolysis at the C-terminus. Therefore, for the formation of
an α-peptide, Lys is superior to Dpr due to both a higher
degree of sidechain protonation at neutral pH and the greater
distance of the sidechain amine from the activated C-terminus.
Moreover, while Orn is equally protonated, with respect to
Lys, its shorter sidechain makes it incompatible with N-to-C
terminal ligation at neutral pH. Whether or not Lys was
recruited to biology early or late, these factors would seem to
chemically predispose the selection of Lys over its shorter
homologues in water.
The constitutional simplicity of Dpr’s sidechain compared to

that of Lys has prompted speculation that Dpr was used as an
early amino acid sidechain (before Lys).57,58 We have now
demonstrated that Dpr is not only constitutionally simpler
than Lys, but it is also generationally simpler when considering
Dpr synthesis starting from nitrile chemistry. Michael addition
of ammonia to Dha nitriles furnishes catalytically active Dpr-
CN in high yields. Facile conversion of a C-terminal Dpr nitrile
to its respective Dpr thioacid by sulfide in water is then
promoted by the electron withdrawing properties of the Dpr
sidechain. Dha residues are a key node in extant biology for the
synthesis of peptide and amino acid sidechains, including both
proteinogenic amino acids (e.g., Cys, tryptophan, selenocys-
teine) and non-proteinogenic residues (e.g., Dpr, lanthionine)
in both non-ribosomal peptide synthesis and ribosomally
synthesized and post-translationally modified peptides.59−62

Similarly, Dha may be a key prebiotic node for the synthesis of
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amino acid sidechains,13 enabling sidechain installation and
diversification following peptide synthesis, rather than at the
monomer level prior to peptide synthesis. For the synthesis of
α-Dpr peptides, this strategy of sidechain synthesis (following
peptide formation) is mandated by the poorly α-selective
acylation of its monomers.
These results lead us to tentatively conclude that Dpr would

have been a component of prebiotic peptides (formed through
secondary modification as a part of the serine family of amino
acids) and then Dpr would subsequently have been supplanted
by Lys. The proximity of Dpr’s sidechain to the peptide
backbone enables its pKaH, and therefore its charge and
reactivity, to be readily modified in short and unstructured
peptides (Figure 6b). This, for example, can facilitate imine
catalysis (Figure 6c,d). The inherent catalytic activity of Dpr-
CN peptides, at neutral pH, may have been a key element in
(bio)catalysis prior to the emergence of highly ordered
microenvironments in proteins where the pKaH of Lys can be
heavily suppressed.63−67 It is particularly of note, in the
prebiotic context, that this catalytic activity can be accessed
even in the shortest possible Dpr-CN (i.e., Ac-Dpr-CN).
Accordingly, prebiotic Dpr catalysis warrants further inves-
tigation. How, why, and when Dpr would be excluded from
proteinogenic peptides remains an open question. However, at
the emergence of monomeric coding of α-polypeptide
biosynthesis, a preformed Dpr monomer would likely be
detrimental due to its β-reactivity.68 Translational Lys
synthesis may have therefore provided a (general) advantage
over post-translational Dpr synthesis via secondary modifica-
tion of translationally coded Ser. Alternatively, the prebiotic
synthesis of Dpr may support a later appearance of Lys in
biology as a result of other selection filters, such as the benefit
of turning on/off Lys catalysis in higher-order catalysts or the
greater helix-forming propensity of Lys over Dpr.69 The
remarkable reactivity of Lys-CN and the chemical efficacy of
Lys-SH in peptide ligations at neutral pH, and its inherent
differentiation from Orn-SH in peptide synthesis, mandates
further investigation of prebiotic diaminonitrile synthesis.
However, there is currently no known prebiotically plausible
synthesis of Lys,21,36,37 whereas Dpr is accessible through
sidechain modification of Ser-CN peptides. Therefore, an in-
depth evaluation of the structure and function of primitive Dpr
peptides is required.
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