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ABSTRACT: The high kinetic barrier to amide bond formation
has historically placed narrow constraints on its utility in reversible
chemistry applications. Slow kinetics has limited the use of amides
for the generation of diverse combinatorial libraries and selection
of target molecules. Current strategies for peptide-based dynamic
chemistries require the use of nonpolar co-solvents or catalysts or
the incorporation of functional groups that facilitate dynamic
chemistry between peptides. In light of these limitations, we
explored the use of depsipeptides: biorelevant copolymers of
amino and hydroxy acids that would circumvent the challenges
associated with dynamic peptide chemistry. Here, we describe a
model system of N-(α-hydroxyacyl)-amino acid building blocks
that reversibly polymerize to form depsipeptides when subjected to
two-step evaporation−rehydration cycling under moderate conditions. The hydroxyl groups of these units allow for dynamic ester
chemistry between short peptide segments through unmodified carboxyl termini. Selective recycling of building blocks is achieved by
exploiting the differential hydrolytic lifetimes of depsipeptide amide and ester bonds, which we show are controllable by adjusting
the solution pH, temperature, and time as well as the building blocks’ side chains. We demonstrate that the polymerization and
breakdown of the depsipeptides are facilitated by cyclic morpholinedione intermediates, and further show how structural properties
dictate half-lives and product oligomer distributions using multifunctional building blocks. These results establish a cyclic mode of
ester-based reversible depsipeptide formation that temporally separates the polymerization and depolymerization steps for the
building blocks and may have implications for prebiotic polymer chemical evolution.
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■ INTRODUCTION

The proteins and peptides of biology exhibit innumerable
variations as functional polymers and scaffolds for supra-
molecular assemblies. Nevertheless, chemists have yet to fully
access the favorable properties of peptides in dynamic
combinatorial synthesis presumably because of the significant
kinetic barrier to amide bond formation.1,2 The few strategies
reported to access reversible peptide bond formation involve
relatively high temperatures, enzymes, or nonpolar co-solvents,
approaches that can impose constraints on the scope of the
target peptides and applications that can be addressed with these
methods.3−6 For example, several groups have demonstrated
dynamic covalent amide chemistry using metal-catalyzed
transamidations in nonaqueous solvents, producing peptides
with properties not readily translatable to water-based,
biocompatible applications.7−9 Alternative approaches to
reversible peptide formation involve the incorporation of

additional functional groups to allow for a more rapid dynamic
chemistry than that of the amide bond. In this fruitful vein, the
use of thioesters (e.g., in native chemical ligation) or hydrazide
moieties has been shown to allow for a rapid exchange of peptide
fragments in both aqueous and nonaqueous solutions to
generate dynamic peptide-like libraries.10−18

The presence of amino acids in meteorites and model
prebiotic reactions implicates peptides as potential participants
in the early evolution of life,19−22 which provides another
motivation to investigate the potential for reversible chemistry
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with peptides in aqueous media. However, over half a century of
investigation focused on generating peptides from amino acids
under prebiotically plausible conditions has demonstrated only
short peptide production, with much of the starting amino acids
often being lost as relatively unreactive diketopiperazine (DKP)
cyclic dimers.23,24 The more productive approaches have
utilized dry-heating at temperatures above the boiling point of
water,25,26 activating agents of questionable prebiotic plausi-
bility,23,27,28 or controlled stepwise addition of cross-reactive
redox agents.29 More recently, peptide bond formation has been
shown to be catalyzed when α-hydroxy acids are dried from
solutions with amino acids.30 This robust and plausibly prebiotic
mechanism for peptide bond formation primarily produces
depsipeptides (oligomers with both peptide and ester linkages)
or HO-terminated peptides.
The challenge of prebiotic peptide oligomerization and

kinetic barriers to amide bond formation present obstacles to
the application and usefulness of peptides before the advent of
coded protein synthesis.2,31 An efficient mechanism for the
incorporation and removal of amino acids into and from
protopeptides could have been important for the selection of
stable protopeptides.32,33 These long-standing limitations of
peptide chemistry and the observation of depsipeptide
formation in model prebiotic reactions stimulated our inquiry
into the use of ester bond formation, hydrolysis, and exchange to
substitute for dynamic peptide chemistry.
Recently, we and others have demonstrated that dry−wet

cycling of mixtures of hydroxy acids and amino acids produces
peptides and depsipeptides with length distributions that can be
controlled by the feeding of additional hydroxy and amino acids
over the course of the reactions.30,34 We reasoned here that the
lability and potential for transacylation of ester linkages within
depsipeptides, compared to the amide linkages, could be
harnessed to achieve a reversible bond formation. In particular,
cycling between an evaporative dry phase (here termed ″dry-
heating″ or ″drydown″) and a rehydrated wet phase could be
used to promote ester formation in the dry phase and cleavage in
the wet phase. This process would move materials between
smaller amide-linked building block depsipeptides in a manner
similar to what has been demonstrated with hydroxy acids.35−37

Such a system of dynamic ester chemistry would be advanta-
geous for enabling dynamic chemistry through a two-step
process in water with biocompatible and plausibly prebiotic
building blocks. Moreover, depsipeptides are of growing interest
in the field of biodegradable materials,38−41 so a method for
reversible depsipeptide formationmight also prove useful for the
discovery of polymers with practical applications.

Here, we demonstrate that synthetic N-(α-hydroxyacyl)-
amino acid units (amide-linked hydroxy acid−amino acid
heterodimers) function as building blocks in a two-step dynamic
polymerization when subjected to hydration−dehydration
″environmental″ cycles.42 The hydroxyl groups of these building
blocks allow for dynamic ester exchange in water, while the
amide linkages provide hydrogen bond donors to support
structure formation by the depsipeptide condensation polymers.
This approach is similar to the established peptide fragment
exchange via dynamic thioester and amino acid hydrazide
chemistry10,11,15 but with functional groups and linkages that
may prove more suitable for some applications (e.g., less redox
sensitive; peptidomimetic). Along these lines, we have recently
shown that bifacial nucleobase-functionalized N-(α-hydroxyac-
yl)-amino acid building blocks oligomerize spontaneously when
dried-down to form depsipeptides that are capable of self-
assembly.43 Incorporating a variety of side chain functionalities,
we elucidate structural and steric factors that govern the kinetics
of depsipeptide polymerization and depolymerization, and
further show how these differences can be harnessed to drive
the selectivity of specific depsipeptide sequence motifs by
varying environmental cycling parameters, thereby achieving
water-compatible reversible chemistry between peptide frag-
ments without chemical activation.

■ RESULTS AND DISCUSSION
We hypothesized that because the building blocks used here
have a six-atom repeat, oligomerization can take place through
ring opening polymerization (ROP), with a 2,5-morpholine-
dione (2,5-MD) intermediate, similar to reported depsipeptide
synthetic procedures.44,45 In Scheme 1, we show the dynamic
equilibrium between amide-linked heterodimeric building
blocks and depsipeptides that we sought to drive with dry−
wet environmental cycles. We anticipated that the product
depsipeptide esters would break down through a backbiting
(sometimes referred to as ″tail-biting″) depolymerization
pathway that involves transesterification to produce a 2,5-MD
intermediate, as has recently been suggested to occur for similar
depsipeptides43 and analogously demonstrated in peptide and
polyester degradation pathways.46−48

We prepared a library of amide-linked hydroxy acid−amino
acid heterodimeric units, designated by two-letter codes as
″xX″,49 where the uppercase letter represents an amino acid and
the lowercase letter represents the hydroxy acid analogue of an
amino acid:

amino acids G A F D E βA
hydroxy acids g a f d

Scheme 1. Reversible Depsipeptide Formation Enabled by Dry−Wet Cycling
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Heating of 25 μL aqueous solutions of xX building blocks
(gG, gA, aG, and aA; unbuffered reaction pH 3) led to a visual
dry state in less than 1 h. Applying continued drying at 65 °C for
1 week resulted in over 65% conversions of building blocks to
depsipeptide products, with a distribution of oligomer lengths of
up to eight heterodimer units (8-mers) (Figure 1A and Figure
S1). This length of time for the reaction was chosen based on the
observation that building block consumption reached steady-
state levels between 3 and 7 days (Figure S1). Infrared
spectroscopy confirmed the presence of ester bonds following
the dry-state reaction (Figure S1). 2,5-MD formation was
evident following dry-state reactions of various building blocks,
as determined by LCMS and coinciding HPLC retention times
of synthetic standards for certain cyclic building blocks
(″c(xX)″, Figure 1A and Figure S2). We found that increasing
the dry-state temperature above 65 °C provided slight increases
in polymerization but with an increase in side product formation
and building block degradation primarily due to amide bond
hydrolysis (Figure S3). Polymerization was not significantly
enhanced upon drying for periods longer than 1 week, and
increases in the initial solution pH from 3 (unbuffered reaction)
to 7 prior to drydown generally led to decreases in overall
polymerization (Figures S4 and S5). Subjecting depsipeptides
produced from dry-heating reactions to rehydration and wet-
phase incubations resulted in the recovery of the building blocks
by ester bond hydrolysis (Figure 1B). Increasing the wet-phase
incubation pH to 6 and the temperature to 65 °C each greatly
accelerated the rate of ester depolymerization but did not result
in significant building block degradation (Figures S6−S8).
Variations in the depsipeptide depolymerization rates for the

various units illustrate that residue side chains and sequences
impact depsipeptide recyclability rates (Figure 1B), as have
previously been observed in oligoester and depsipeptide
biodegradation studies.38,50 Qualitatively, the relative rates of
depolymerization for depsipeptides, derived from the slopes of
the plots in Figure 1B, are summarized as:

gG gA aG aA( ) ( ) ( ) ( )n n n n≅ > ≅

To reveal possible differences in depsipeptide formation and
depolymerization rates in mixed sequences, we dried an
equimolar mixture of gG and aA for 7 days at 65 °C. The

oligomers of these two units had the greatest difference in
aqueous lifetimes among the homogeneous oligomerization
products (Figure 1B). The reaction mixture resulted in a
heterogeneous population of depsipeptides that includes various
gG/aA compositions and lengths (Figure 2A). Among these
products were the four possible ester-linked 2-mers, (gG)2,
(aA)2, gG-aA, and aA-gG, which formed in varying abundances
and whose chromatographic peaks were identified by LCMS and
alignment with synthetic standards in HPLC (Figure S9).
Aqueous incubation of these mixtures at 65 °C, pH 3
(unbuffered), showed that the xX-gG 2-mers were recycled
back to building blocks much more rapidly than the xX-aA 2-
mers, demonstrating that the sequence motif xX-aA affords
longer aqueous lifetimes to depsipeptides (Figure 2B,C). The
(aA)2 and gG-aA species exhibited increases in abundance at
earlier degradation times likely due to the liberation of these
sequence elements from abundant, longer oligomers (Figure
2C). Moreover, the degradation profiles of the various 3-mers
formed (eight possibilities) followed similar trends, with four
species (corresponding to xX-aA-xX) exhibiting relative
increases in aqueous persistence, a phenomenon that we
attribute to the interior positioning of the aA moiety within
these mixed polymers reducing the backbiting rate due to
increased steric factors (Figure S10). Finally, continuous dry−
wet cycling of a gG + aA mixture demonstrated how the
depsipeptide product distribution could shift over the course of
multiple cycles, as indicated by a gradual increase in the relative
amount of gG-aA present accompanied by a decrease in aA-gG
(Figure S11). These results suggest that the system is not at
thermodynamic equilibrium; rather, these depsipeptides are
kinetically controlled products, and one can adjust the
parameters of the dry or wet phases to change their extents of
formation and breakdown.
Drydown reactions carried out with building blocks other

than α-hydroxy acid−α-amino acid linear heterodimers provide
insights into the polymerization and depolymerization pathways
operable in our system. Specifically, the inclusion of a β-alanine
(βA) residue in the building block gβA resulted in reduced
polymerization relative to the analogous gA, which we ascribed
to the inability of gβA to form the six-membered ring of a 2,5-
MD (Figure 3A). We anticipate that due to the structural

Figure 1. Depsipeptide formation following dry-heating and depsipeptide depolymerization (building block recycling) following a wet phase. (A)
HPLC-UV chromatograms for building blocks dried from unbuffered solutions for 7 days at 65 °C to form depsipeptides. ″c(xX)″ denotes the 2,5-MD
of a building block when observed. Numbers: polymer length, e.g., 4 = (gG)4. (B) Time-dependent recovery of building blocks gG, gA, aG, and aA
during unbuffered (pH 3) aqueous incubations at 65 °C of 10 mM building block samples previously dried for 7 days at 65 °C.
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similarity of having a seven-atom backbone, potential building
blocks of the form β-hydroxypropionic acid−amino acid would
have polymerization rates similar to those of gβA due to their
inability to form a 2,5-MD. Further, heterotrimer and
heterotetramer building blocks, such as gAG and gAGA (also
unable to form 2,5-MDs), exhibited sharp decreases in the
degree of polymerization with increasing building block length
(Figure S12). On the other hand, the polymerization in drydown
reactions of either gG or gA was accelerated by the addition of a
synthetic 2,5-MD (c(gG)), which also indicates that ROP is a
predominant factor in polymerization during drydown (Figures
S13−S14). The results of a drydown reaction starting with the
synthetic 2-mer (gA)2 were also informative, as the product
distribution was similar to that of a reaction starting with gA,
including the presence of the gAmonomer, implying that during
sample drying and possibly in the dry state, hydrolysis is
happening in addition to esterification (Figure S15).
Through intramolecular transesterification, it is possible for

the oligomers of xX, with a six-atom backbone repeat, to degrade
though backbiting, a depolymerization mechanism previously
established for both peptides and polyesters.46−48 To probe this
possibility, we compared the degradation of synthetic (gA)2 to
that of (PA)AgA, which is isosteric with (gA)2 but bears a
terminal CH3 (of PA) in place of the OH of g (Figure 3C). Both
molecules can depolymerize via hydrolysis, but only (gA)2 can
depolymerize through backbiting, as (PA)AgA lacks a terminal
nucleophile (Figure 3C). After co-incubation in a solution for 3

h at 65 °C and pH 6, over 99% of (gA)2 had depolymerized to
gA units, while only 7% of (PA)AgA had depolymerized (Figure
3B). The 2,5-MD of gA, c(gA), was observed transiently in this
(gA)2 incubation study, supporting our expectation that
backbiting, with the cyclic intermediate formation, plays a
dominant role in the depolymerization of depsipeptides of the
form (xX)n (Figure 3B). We observed similar depolymerization
characteristics for these molecules in 65 °C solutions at pH 3
and also at RT at pH 3 and 6 (Figure S16). Additionally, we
found that depsipeptides of the form (gβA)n, with a seven-atom
backbone repeat, exhibited almost no depolymerization over a 2-
day incubation at 65 °C (pH 3), further underscoring the
dominance of backbiting through a 2,5-MD intermediate
cleavage pathway compared to direct backbone ester hydrolysis
(Figure S17).
Esters are ideal for applications where finite material lifetimes

and biocompatible monomers are desirable.38 Literature reports
on the rates of hydrolysis of esters at 25 °C in neutral solutions
show that their half-lives are on the order of days to years,
depending on steric and structural factors.51 Quantitative
assessment of the degradation rates of (gA)2 and (PA)AgA in
water allowed a critical comparison of the difference between the

Figure 2. Differential aqueous persistence of depsipeptide sequence
motifs. (A) HPLC-UV chromatograms of a mixture of gG and aA (1:1
molar ratio) dried for 7 days at 65 °C, unbuffered (pH 3). (B)
Abundances of the four possible 2-mers formed in panel A are shown
following up to 10 days of 65 °C unbuffered wet-phase incubation. (C)
Integrated absorbances over incubation time with each normalized to
the respective initial integrated absorbances in panel B indicate xX-aA
motif persistence over xX-gG.

Figure 3. Structural factors influence building block polymerization and
breakdown. (A) Time-dependent comparison of building block
conversion to depsipeptides between gA and gβA, which can in
principle form six- and seven-atom rings upon dehydration,
respectively. Dashed lines were added to guide the eye. Bars: SD; n =
2. (B) Standards (gA)2 and (PA)AgA subject to pH 6, 65 °C aqueous
incubation. (C) Structures of molecules used in panel B depicting
depolymerization routes.
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single depsipeptide ester that is highly susceptible to intra-
molecular transesterification via OH terminal backbiting and the
slower rates of cleavage of other, internal depsipeptide esters.
For this comparison, we analyzed (gA)2 and (PA)AgA
depolymerization data across a wide range of pH and
temperatures to obtain the respective rate constants and half-
lives under various conditions (see Supporting Information).
For example, we found that at pH 2 and 25 °C, the half-life of
(gA)2 is about 1 month and the half-life of (PA)AgA is about
twice as long (Table 1). In contrast, at pH 7, we observed a 2-
orders of magnitude difference in aqueous lifetime, with a half-
life of around 4 days for (PA)AgA and only 37 min for (gA)2
(Table 1). These results exemplify that depsipeptide esters, in
the absence of backbiting, can survive for substantial periods of
time in water, and variations in their sequences (as in (gβA)n
oligomers) can affect the lifetime of the depsipeptides
considerably when pH conditions are slightly acidic or near-
neutral.
Having D (Asp) or E (Glu) as the amino acid building block

allows for variations in depsipeptide regiochemistry due to the
availability of the additional carboxylic acid to form ester
linkages (Scheme 2). We used this attribute to investigate

differences in aqueous persistence between the various possible
topologies and to determine if depsipeptide product distribu-
tions could be skewed toward linkages with lower rates of
hydrolysis. For example, homogeneously α-linked (xD)n and
(xE)n depsipeptides should form and depolymerize via 2,5-MD
intermediates, while side-chain-linked regiochemistries (e.g., β
and γ linkages) would be less favorably formed but would have a

substantially longer backbone linkage lifetime than α linkages
(Scheme 2). It is also possible that transesterification occurs
within the oligomers through anhydride intermediates, allowing
for further sequence shuffling. Branching would also be possible
for these bifunctional units as the drydown products elongate to
3-mers and beyond (Figure S18). Consistent with these
possibilities, dry-heating samples of xD or xE units unbuffered
at 65 °C gave rise to a great variety of sequence isomers for all
polymer sizes, as revealed by LCMS (Figure S18).Within the gE
drydown products, we observed up to 16-mer depsipeptides, the
largest depsipeptides formed in our studies (Figure S19).
By adjusting the pH of drying, the (aD)n product distributions

could be made to favor particular depsipeptide topologies over
others (Figure S20), an effect that we attributed to the increased
rate of backbiting at near-neutral pH hindering the accumulation
of native α-linked polymers. Applying continuous dry−wet
cycling of aD at a pH of 5.5, we found that the product
distribution could be skewed to select for side chain (β) linked
species in a highly controllable manner (Figure 4 and Figures
S21−S22). Coelution of the aD 2-mers with synthetic standards
confirmed that β-(aD)2 was the species that survived the wet
phases, while α-(aD)2 degraded rapidly (Figure 4C). We infer
that the wet-phase-surviving (aD)3−(aD)5 species were
predominantly O-terminated with a β-linkage to an aD unit,
which disallows backbiting (Figure 4A,B). The reduced yields
observed for the various 3- to 5-mers may be due to the
dominant backbiting depolymerization of the α-terminated
species, which could also have contributed to the observed
increases in β-(aD)2 yields following the wet phases (Figure 4B).
The 2-mers of gD, gE, and aE were each expected to form two
regioisomers in dry−wet cycles, similar to (aD)2. The gD and aE
2-mers each exhibited two distinct HPLC peaks that fluctuated
in intensity in a similar fashion to those of α- and β-(aD)2,
allowing us to make putative assignments for the native and side-
chain-linked (gD)2 and (aE)2 species (Figures S23−S24). The
gE depsipeptides, on the other hand, only displayed one peak
corresponding to the 2-mers in the HPLC chromatograms,
which may be due to the overlap of the α and γ regioisomers
(Figure S25). The inseparability of the gE 2-mers is exemplified
in Figure S19, which shows two very closely eluting peaks
corresponding to the mass of (gE)2 in the selected ion-
monitoring traces.
We also found that depsipeptides produced in drydown

reactions were enriched in α-linked (proteinaceous) topology
with increasing bulkiness of the hydroxy acid side chain
substituent on building blocks with D or E as the amino acid
(Figure 5). For the fX motif, the percent α-linkage formation of

Table 1. Kinetic Depolymerization Data for (gA)2 and (PA)AgA for a Range of Conditionsa

(gA)2 t1/2 (h) (PA)AgA t1/2 (h)

(°C) pH: 2 3 4 5 6 7 8 2 3 4 5 6 7 8

25 674 647 146 43.2 2.78 0.63 0.18 1394 2528 1655 1027 806 88.6 45.0
37 308 298 62.6 12.6 1.34 0.12 0.02 758 1300 826 583 432 51.9 23.9
50 76.8 53.5 26.1 2.91 0.76 0.03 0.01 175 232 281 157 83.2 14.1 3.43
65 34.4 27.9 5.63 0.82 0.17 0.01 0.01 93.3 90.6 94.0 49.8 29.4 4.63 0.88

(gA)2 depolymerization, (ksc + kbb) (h
−1) (PA)AgA depolymerization, ksc (h

−1)*10−3

25 0.001 0.001 0.005 0.016 0.249 1.11 3.96 0.497 0.27 0.419 0.675 0.86 7.83 15.4
37 0.002 0.002 0.011 0.055 0.516 5.86 31.1 0.914 0.533 0.839 1.19 1.60 13.4 29.0
50 0.009 0.013 0.027 0.238 0.914 22.7 66.4 3.95 2.98 2.47 4.42 8.33 49.2 202
65 0.020 0.025 0.123 0.843 4.21 62.3 100 7.43 7.64 7.38 13.9 23.5 150 792

aSee Supporting Information for calculations and parameters as well as raw data.

Scheme 2. Bifunctional Building Blocks Allow for Variations
in Depsipeptide Regiochemistry
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2-mers reached 93% following 7 day drying at 65 °C (Figure 5).
The spiking of α-linked synthetic standards for 2- through 4-
mers of both fD and fE units suggested that these depsipeptides
were composed primarily of native α-linked topology (Figures
S26−S27). We suspect that the observed α-selectivity for the
bifunctional units may arise from Thorpe−Ingold effect-type
kinetic effects, which would promote the formation of the 2,5-
MD (and thus promote subsequent ROP) as the hydroxy acid
substituent size increases.52,53 We note that all fX building
blocks were dried with 1 equiv of the additive 2-hydroxypyridine
(2-HP) to mitigate their precipitation during dry-heating, in a
manner similar to recent studies in our laboratory with
depsipeptide nucleic acids (see Figure S28 for details).43

Finally, the results reported here used carboxylic acid side
chains exclusively on the amino acid components of
heterodimeric building blocks. We expected that similar results
would be obtained with building blocks for which the hydroxy

acid residue was malic acid (d), which would place the

carboxylic acid side chain group on the first residue of the

heterodimer (i.e., of the form dX). However, we determined that

such building blocks exhibited extensive degradation upon dry-

heating, primarily in the form of intramolecular dehydration and

amide hydrolysis, which reduced the ability of these building

blocks to exhibit the continuous recycling properties we sought

for this reversible chemistry application and hampered the

formation of orderly alternating amide-ester depsipeptide

polymers (Figure S29).Moreover, building blocks incorporating

serine (having a reactive side chain hydroxyl group) as the

second residue (i.e., xS) displayed a similar propensity for

degradation owing to intramolecular dehydration and amide

bond hydrolysis (Figure S30).

Figure 4. pH-controlled selectivity for side-chain-linked depsipeptides using bifunctional building blocks. (A) aD dry−wet cycled in pH 5.5 TEAOAc
showed comparable abundances of both (aD)2 isomers formed following 24 h dry-heating phases (orange traces) and preferential preservation of β-
(aD)2 following 18 h wet phases (blue traces). Peaks labeled [D/a(aD)2] displayed a mass consistent with a dehydration product fromD/a + (aD)2. A
stack plot of the chromatograms in panel A is provided in Figure S22 for clarity. (B) Integrated abundances of (aD)2 regioisomers and higher-order
oligomer peaks (total integrated areas) from panel A over cycling time. Yellow regions indicate drying and heating at 75 °C (24 h). Blue regions
indicate rehydration and incubation in the solution state at 65 °C (18 h). (C) Alignment with synthetic standards of α- and β-(aD)2 confirms
regioisomer identities.
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■ CONCLUSIONS
The results presented here demonstrate a promising mode of
water-based dynamic chemistry for biodegradable peptidomi-
metic polymers and potentially expand the tool set of dynamic
chemistry by providing a route to a reversible chemistry with
depsipeptides that does not require chemical activation or harsh
conditions.2,6−8,11,15 The current system advances from the
existing paradigms by expanding the monomer library to include
both amino and hydroxy acids in a controlled manner, and
further by demonstrating environmentally responsive biomi-
metic-polymer formation and breakdown, allowing for the
sampling of biocompatible sequences using the dynamic ester
linkages of depsipeptides. Overall, our results indicate that the
monomers g, a, f, D, and E are better suited for the dynamic
system at hand, as these monomers in building blocks of the
form xX display notable persistence when subjected to repeated
dry−wet cycles and with extended heating in the dry phase.

In this system presented here, molecules that are able to
backbite (e.g., (gA)2) would have kinetic polymerization and
depolymerization advantages over others (conditions permit-
ting), possibly making them able to resample their constituent
building blocks on faster time scales. These results may have
implications for the manner in which potential building blocks
on the early earth may have undergone recycling-like processes
and sequence space sampling prior to the emergence of life.
Furthermore, the optimal pH ranges for building block
polymerization (mildly acidic) differ from those of optimal
depsipeptide depolymerization (near-neutral). This disparity
may be advantageous for early, prebiotic oligomers as expedient
formation and slow degradation under similarly acidic
conditions (e.g., in a putative CO2-rich atmosphere or with
acidity resulting from the building blocks’ carboxylic groups
themselves, as in our ″unbuffered″ studies) allow for the
persistence of various depsipeptides, whereas an eventual
change in environmental pH could be viewed as a selective
pressure that favors the preservation of more resilient species
(e.g., in the case of β-(aD)2, etc.). In this respect, the oligomers
can undergo a primitive form of natural selection.
The present system utilizes kinetic trapping of depsipeptides

by adjusting various parameters of reversible dehydrating and
aqueous phases, with the goal of selecting for supramolecular or
template-binding structures with peptide-like properties. While
existing dynamic covalent chemistry systems utilize a simulta-
neous polymerization and depolymerization of building blocks,
our system temporally separates the two processes that overall
constitute a reversible system and simultaneously allows for fine-
tuning of (de)polymerization characteristics using temperature,
time, pH, and building block side chains. Future studies might
employ this system for the dynamic selection of depsipeptides
with structural or functional properties.

■ METHODS

Synthetic Procedures
Building blocks were prepared following a previously published base-
catalyzed synthesis (see Supporting Information).34 Synthetic dep-
sipeptide standards were prepared using various organic synthesis
procedures as detailed in the Supporting Information.

Dry-Heating (Drydown) Phases
Concentrated stocks of building blocks were diluted to 10 mM using
doubly distilled water (Milli-Q, 25 μL volume). Buffers were
incorporated into the solutions in 10× equivalency from concentrated
filtered stocks as needed for pH-dependent experiments. Samples were
dried in PCR tubes (VWR) with caps open in ovens (65 and 85 °C) or
on a BioRad PCR Cycler heating block (75, 95, and 105 °C) for the
stated time periods. 2,5-MD seeding experiments were performed from
lyophilized solids to prevent hydrolysis during dry-heating. For analysis,
samples were resuspended with distilled water back to 10 mM in total
building block concentration. Samples were briefly vortexed and
sonicated to ensure the complete dissolution of waxy pellets.

Wet-Phase Incubation Phases
Crude depsipeptide samples were initially prepared by dry-heating
building blocks to generate product mixtures. These samples were
resuspended back to their initial starting concentration (typically in 25
μL volume) in building blocks with distilled water for unbuffered
experiments or with 10 equiv of buffer as needed. All pH values were
verified using pH strips. RT (25 °C) incubations were performed by
sealing the cap on the PCR tube for the specified time period. High-
temperature incubations (65 °C) required the addition of ∼150 μL of
mineral oil to prevent evaporation in samples, which were sealed and
enclosed in a BioRad PCR cycler set to 65 °C with the lid temperature
set to 100 °C. Samples were recovered out from under the oil by

Figure 5. Hydroxy acid side chain size dictates native α-depsipeptide
selectivity. Unbuffered 7 day, 65 °Cdrying of xD and xE building blocks
showing 2-mers and percent α-linkage by integration. The α and γ
regioisomers of (gE)2 appear to overlap; thus, their relative abundances
are indeterminate. Hydroxy acid side chains are shown in each panel.
The identities of theα- and γ-linked 2-mers of fEwere determined using
synthetic standards (Figure S26), while the 2-mers of fDwere identified
using an α-linked standard and by analysis of the degradation profile of
the 2-mers (Figures S26−S27). fD and fE samples underwent drying
with 1 equiv of 2-hydroxypyridine to prevent precipitation (Figure
S28).
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pipetting repeatedly onto a clean laboratory parafilm to separate the oil
from the aqueous phase. Controls were run to verify that there was no
observable mass loss due to partitioning into the oil phase for these
aqueous incubations by using a high-accuracy analytical balance
(Mettler Toledo). Unbuffered samples were sent for analysis, while pH-
adjusted samples were quenched with HCl to restore nascent pH.
Experiments comparing (gA)2 and (PA)AgA degradation were
executed similarly (in 40 μL volumes) but required no initial dry-
heating.

Continuous Dry−Wet Cycling

Samples were subjected to iterations of the above dry-heating and wet-
phase incubation procedures as needed. For gG + aA, xD, and xE dry−
wet cycles, initial volumes were always 150 μL of 10 mM total building
block solutions. For xD and xE, 24 h dry-heating phases took place at 75
°C, and 18 h aqueous incubations took place at 65 °C under oil. Buffer
solutions were replenished following each dry phase to restore the
buffer pH, as TEA buffer volatility otherwise caused the pH to return to
3.0 upon rehydration. Following each dry or wet phase, 25 μL of the
solution was removed and frozen for analysis, with the volume gradually
decreasing to total depletion by the end of the third wet phase. All
phases of the gG + aA mixed experiment took place in the 65 °C oven,
with no mineral oil layer added. Following daily rehydration, samples
were placed back in the 65 °C oven with caps open to allow the solution
to evaporate slowly for 24 h, resulting in cycles of ∼6 h wet phase and
∼18 h dry phase.

High-Performance Liquid Chromatography

Reverse phase HPLC analyses were conducted using an Agilent 1260
quaternary pump and Agilent 1260 autosampler with a DAD UV−vis
detector with a path length of 1.0 cm. Samples were separated using a
Phenomenex Kinetex 2.6 mm XB-C18 100 Å LC column 150 × 2.1
mm. The column temperature was 25 °C. Injection volumes were 10 μL
with a 100 μL/s injection speed and H2O needle wash. The binary
solvent systemwas: (A) 0.1% formic acid in LCMS-grade water and (B)
LCMS-grade acetonitrile. The flow rate was 0.3 mL/min, with binary
solvent gradient: 5 min 100% A, 0% B; 20 min ramp to 45% A, 55% B;
10 min 0% A, 100% B; 1 min ramp 100% A, 0% B; and 14 min 100% A,
0% B. Wavelengths printed were 210 and 257 nm, with an entire
spectrum (180−400 nm) detected in 2 nm steps. Analysis of the gG +
aA mixed samples was done similarly using a longer, more shallow
gradient reaching 45% A, 55% B after 40 min followed by a 100%
solvent B wash.

Liquid Chromatography−Mass Spectrometry
Species were identified by mass using an Agilent 1290HPLC pump and
thermostat with an Agilent 1260 autosampler and DAD UV−vis
detector with a path length of 0.6 cm. The reverse phase separation
apparatus involved the identical column and HPLC gradient described
above. This system was coupled to an electrospray ionization mass
spectrometry system, an Agilent 6130 single quad MS, using the
following parameters: scanning±65−±2000m/z, capillary voltage: 2.0
kV, and fragmentor voltage: 70 V.
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United States

Alyssa B. Sargon−NSF/NASA Center for Chemical Evolution,
Atlanta, Georgia 30332, United States; School of Chemical&
Biomolecular Engineering, Georgia Institute of Technology,
Atlanta, Georgia 30332, United States

Kaitlin C. Jacobson − NSF/NASA Center for Chemical
Evolution, Atlanta, Georgia 30332, United States; School of
Chemical & Biomolecular Engineering, Georgia Institute of
Technology, Atlanta, Georgia 30332, United States

Aikomari Guzman-Martinez − Department of Chemistry,
University of Puerto Rico, Mayagüez, Puerto Rico 00681,
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2,5-MD 2,5-morpholinedione
DKP diketopiperazine
ESI-MS electrospray ionization mass spectrometry
LCMS liquid chromatography−mass spectrometry
PLA polylactic acid
ROP ring opening polymerization
RT room temperature (25 °C)
SD standard deviation
TEAOAc triethylammonium acetate buffer
TEAB triethylammonium bicarbonate buffer
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