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The billion tons of synthetic-polymer-based materials (i.e. plastics) produced
yearly are a great challenge for humanity. Nature produces even more natural
polymers, yet they are sustainable. Proteins are sequence-defined natural
polymers that are constantly recycled when living systems feed. Digestion is the
protein depolymerization into amino acids (the monomers) followed by their
re-assembly into new proteins of arbitrarily different sequence and function.
This breaks a common recycling paradigm where a material is recycled into
itself. Organisms feed off of random protein mixtures that are “recycled” into
new proteins whose identity depends on the cell’s specific needs. In this study,
mixtures of several peptides and/or proteins are depolymerized into their amino
acid constituents, and these amino acids are used to synthesize new fluores-
cent, and bioactive proteins extracellularly by using an amino-acid-free, cell-free
transcription—translation (TX-TL) system. Specifically, three peptides (magainin
II, glucagon, and somatostatin 28) are digested using thermolysin first and then
using leucine aminopeptidase. The amino acids so produced are added to a com-
mercial TX-TL system to produce fluorescent proteins. Furthermore, proteins

with high relevance in materials engineering (Blactoglobulin films, used for water
filtration, or silk fibroin solutions) are successfully recycled into biotechnologically

relevant proteins (fluorescent proteins, catechol 2,3-dioxygenase).

1. Introduction

The world’s projected population will
be 10 billion by 2050.1 One of the most
daunting sustainability challenges linked
to such a large population size will be
the handling of all plastic products,? that
is, the production and recycling of poly-
mers.l’) Not surprisingly, there are large
world-wide efforts in research for polymer
recycling. Mechanical recycling tends to
lead to the original material but with lower
quality.! A Dbetter possibility is chemical
recycling,>®! that is, thermally,”! chemi-
cally,”! or biologically® catalyzed depolym-
erization of a polymer into its constituent
monomers in order to re-polymerize them
into either the same virgin quality mate-
rial, or a new (co)polymer.¥ Another
approach is repurposing of a polymer
into a different value-added chemical
(upcycling)."B1 Both methods are a
closed-loop, that is, compatible with cir-
cular-economy principles.[l
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It is fair to state that recycling a material into the same mate-
rial is the current paradigm in recycling. To go beyond this
paradigm, current trends in polymer recycling involve their
degradation into small molecules, that are then re-used in fur-
ther chemical processes. Alternative approaches include the
use of biosourced/-degradable polymers, that is, materials that
are derived from renewable sources and that can be degraded
into environmentally benign substances.!¥] This approach
takes inspiration from the way nature handles some natural
polymers such as, lignin and cellulose. Yet, these natural mate-
rials grow slowly, remain in use a long time, and biodegrade
slowly. This balance is always present in nature’s approach to
recycling. Currently, man-made biosourced/-degradable poly-
mers are produced for consumers products that often have
very short lifetimes (days or less), but in the environment
degrade over months or years. As a consequence, no matter
how “green” such materials will appear to be, there will be sig-
nificant environmental concerns due to their accumulation into
the environment. By 2050, =102 kg of plastics are projected to
be produced yearly.l Were all polymers to be biosourced and
biodegraded (i.e., the best-case scenario), the sustainability
problem would remain. Sourcing will generate issues in defor-
estation and in competition for land with food production.!'”!
The issues in disposing will be the accumulation into the envi-
ronment. A major concern will be the deleterious effects of the
intermediate degradation components on soils.! Moreover, the
final degradation products will have negative ecological effects,
as such large quantities will inevitably shift the equilibrium of
local ecosystems.

It is clear that humans should move toward the use of
models that rely on the principles of a circular economy!®2°l
where materials, once produced, remain in use for the longest
possible amount of time, taxing earth the minimum possible.
The question is whether this is at all possible for polymers, that
mostly lose quality upon recycling as opposed, for example, to
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metals. To address this question, one can be inspired by nature.
It is undeniable that nature is sustainable: it takes most of its
energy from the sun, food production is commensurate to
population, and materials are used in a circular manner. While
we have more than 1 billion tons of biological soft-matter pro-
duced on earth yearly, we do not have a sustainability concern
with it. When pausing to observe nature’s main polymers, for
example, proteins, each one characterized by its own specific
sequence of monomers, the 20 proteinogenic amino acids
(AAs), it is possible to admire the circularity in their use. A vast
over-simplification of protein metabolism shows that, proteins
can be depolymerized into AAs that, in turn, can be reassem-
bled into a new protein by the ribosomal machinery of the cell.
The newly formed protein can have a sequence that differs
from any of the sequences of the original proteins. It is fair to
say that this approach breaks the recycling paradigm, that is,
that materials are recycled into a lower version of themselves.
In nature this is not the case, a protein can be of much higher
complexity than its “parent” proteins with which it has only the
individual AA building blocks in common. Nature can achieve
this impressive result because proteins are sequence-defined
polymers (SDPs), that is, their remarkable structural and prop-
erty diversity derives from the sequence of the AAs that com-
pose them, and not from their chemical diversity.?!! Further-
more, the backbone chemical bonds that link AAs are reversibly
cleavable and there exists a machinery (the ribosome) capable
of synthesizing proteins starting from a random mixture of
AAs. Nature is able of recycling a mixture of n SDPs into an
arbitrary (n+1)th SDP whose sequence (and consequently prop-
erty) can be completely different from any of the sequences of
the n parent polymers. Here we show that the described recy-
cling approach can be implemented in the laboratory extracel-
lularly for proteins, protein mixtures, and protein materials. We
call this approach nature-inspired circular-economy recycling
(NaCRe) (Figure 1).

Nature-inspired Circular-economy Recycling (NaCRe) for Proteins

Protein 1
e am

Protein 5
vV @

Figure 1. Schematic illustration for the main concept of NaCRe. Multiple possible NaCRe cycles are shown. The illustrated examples are close to what
is shown herein. It should be clear that the overall concept of NaCRe goes beyond what is illustrated. The sketched process starts from three different
short peptides (drawn as the ones used in the paper, magainin Il, glucagon, and somatostatin), and produces GFP. In the second round of recycling,
GFP, together with other arbitrary proteins, is used to produce red fluorescent protein (mScarlet-i). In the last recycling round mScarlet-i is recycled
into something not specified, to stimulate the reader’s imagination. Molecular graphics of the proteins 3D structures and of the AAs conformers are
visualized from the experimentally determined 3D structures in the PDB databank (protein 1(2LSA), protein 2(2MI1), protein 3(1GCN), protein 4(5B61),
and protein 5(5LK4)) and from the computed 3D structures in PubChem (https://pubchem.ncbi.nlm.nih.gov/compound/CID#section=3D-Conformer,
where CID = 5950, 6322, 5960, 5961, 33032, 6274, 6306, 6106, 5962, 6137, 6140, 145742, 5951, 6305, 6057), respectively (e.g., https://pubchem.ncbi.nlm.
nih.gov/compound/5950#section=3D-conformer for CID = 5950). All were edited in UCSF Chimera, developed by the Resource for Biocomputing,
Visualization, and Informatics at UCSF, with support from NIH P41-GM103311.
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Here, we aim to show that the current revolution in using
more and more protein-based materials to realize advanced
objects?2%%l has one more advantage: proteins are recyclable in
a unique way. Arguably, it would be a breakthrough if, in the
future, a large quantity of different objects all made of various
protein-based materials could be NaCRe-recycled into the pro-
tein that a community needs in that specific moment. Clearly,
this vision will take decades (if not centuries) to be imple-
mented, as the technological challenges are significant. This
paper is intended as a proof-of-concept where we present the
feasibility of the overall process, showing that it is possible to
recycle mixtures of peptides and engineering-relevant proteins
into proteins with relevance in biotechnology outside living
organisms.

2. Results and Discussion

The initial attempt to establish the feasibility of NaCRe was
performed Dby enzymatically depolymerizing three peptides
separately, and by recombining the AAs so achieved using the
cell machinery to express a target protein. The latter task was
achieved in a standard method. We purchased a commonly
used cell-free transcription—translation (TX-TL) system (PURE,
Protein synthesis Using Recombinant Elements, PUREfrex,
Kaneka Eurogentec SA, Supporting Information, Section a) that
is known to “transcribe” the information that we provided by
feeding a specific DNA into a messenger RNA (mRNA), and
then “translate” the mRNA code by “polymerizing” the target
protein. The main issue with commercial TX-TL systems is
that they contain free AAs. We chose PUREfrex because it is
composed of multiple separate solutions, with only one of them
that contains free AAs, and it is relatively simple to replace
such solution with a home-made one that is AAs-free. The
home-made solution lacking the AAs was produced by using
a protocol adapted from the original reference from Ueda and
co-workers.l?l Tt should be noted that the PUREfrex system
contains a single AA (glutamic acid) as a component of one of
the other solutions. Hereafter, we will refer to this home-made
AAs-free form of PUREfrex simply as TX-TL system. To estab-
lish the absence of AAs in our TX-TL system, we performed
control experiments that show the lack of any detectable pro-
tein expression (Figure S1, Supporting Information). In order
to have a simple way to detect protein expression in the TX-
TL system, we decided to focus all the work presented here on
expressing fluorescent proteins. As a first choice, we focused
on mScarlet-i, a fluorescent protein whose sequence contains
19 of the 20 proteinogenic AAs with cysteine missing. For later
work, we expressed green fluorescent protein (GFP) as it is the
most commonly expressed fluorescent protein and it contains
all 20 proteinogenic AAs.

We felt that it would be simpler to develop a robust depo-
lymerization method starting with shorter molecules, thus
our initial attempts were based on short peptides. We selected
magainin II, and glucagon by reading the whole PDB databank
searching for peptides composed of a short number n of resi-
dues (20 < n < 30), with no cysteine, and no unnatural/modi-
fied residues (see Supporting Information, Section d). From
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the hits, we selected commercially available peptides, pre-
senting different secondary structures, and different func-
tions. Magainin II (Table S1, Supporting Information) is an
antimicrobial peptide, and glucagon (Table S1, Supporting
Information) is a peptide hormone. Somatostatin 28 (Table S1,
Supporting Information), a peptide hormone, was selected a
posteriori because it is rich in proline (missing in magainin
II and glucagon), and structurally different from the other two
peptides, that is, disulfide cyclized. The three peptides together
contain all 20 proteinogenic AAs (see Figure 2a—c for AAs con-
tained in each peptide).

We depolymerized magainin II, glucagon, and somatostatin
28 by means of two consecutive enzymatic reactions, following
the approach developed by Teixeira et al.?’] We incubated the
peptides first with thermolysin endoprotease (that cleaves at the
N-terminus of Leu, Phe, Val, Ile, Ala, Met), then with leucine
aminopeptidase (LAP), as described in Supporting Informa-
tion, Sections e and f. Mass spectrometric (MS) analysis of the
materials before (Figures S14-S16, Supporting Information),
and after thermolysin treatment (Figures S18-S31, Supporting
Information) shows extensive cleavage at the N-terminus of the
hydrophobic amino acids (see Supporting Information, Section
j). Cleaved fragments were incubated with LAP and depolymer-
ized to their free AAs (Figure 2a—c). For each AA we defined a
depolymerization yield as the ratio between the amount of AAs
produced by the depolymerization divided by the total amount
of AAs present in the starting material (green and gray bars in
Figure 2, respectively). Quantification was performed using MS
(Supporting Information, Section k).

We achieved an average depolymerization yield of =66% =
19%. The large standard deviation (1o = 19%) is caused by the
large variation between depolymerization yields of different
AAs, with a maximum of =99% for aspartic acid (for glucagon)
and a minimum of =17% for phenylalanine (averaged for all
three peptides). We observed variations in yield also across pep-
tides, for example alanine was efficiently recovered from the
depolymerization of magainin II and glucagon, but not from
somatostatin 28. We noticed that the aromatic AAs were con-
sistently recovered in poor yields (for all three peptides), and
that such yields were dependent on the number (type) of aro-
matic residues in the material to be depolymerized. Specifically,
the recovery of the aromatics in glucagon was higher (=73% for
Trp, =52% for Tyr, and =36% for Phe) than in somatostatin 28
(=41% for Trp, and =15% for Phe), that was in turn higher than
in magainin II (=null for Phe). The free AAs achieved by depo-
lymerizing separately the three peptides were combined, and
added into the TX-TL system supplemented with an mScarlet-i
DNA template (Table S2, Supporting Information, Section h).
As shown in Figure 2d we successfully expressed mScarlet-i. As
a reference control and yield reference, we ran a TX-TL reac-
tion with a solution containing the concentration of each AA
that would have been achieved had the depolymerization yield
been 100% for each peptide (that ideal result of a complete
depolymerization, Supporting Information, Section h).

A first attempt to determine the efficiency of NaCRe was per-
formed by comparing the fluorescence values of the expression
plateau for the recycling curve with that for the reference
control (the green and gray curves in Figure 2d, respectively),

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Recycling of magainin Il, glucagon, and somatostatin 28 into mScarlet-i. a—c,e) Bar graphs showing the result of the amino acid analysis
performed using mass spectrometry of the result of the depolymerization of magainin Il (a), glucagon (b), and somatostatin 28 (c), and their mixture
(e). The experimental results are represented with green bars to be compared with the gray bars that are the ideal reference concentrations of each AA
calculated by assuming the complete conversion of the starting peptide into free AAs. The violet bars represent trace concentration of the AAs that
theoretically should have not been observed, they are possibly the result of depolymerization of the digestion enzymes themselves. Such impurities
are present for all the recovered AAs. The additive effect due to the impurities is by definition difficult to estimate, and probably contributes to slightly
overestimate the green bars. This becomes more evident when the obtained depolymerization yield is close to 100%. (Note: cysteine is not detected
by the amino acid analysis, hence the quantification of cysteine is n.a.). d,f) Plots of the fluorescence signal resulting from the expression of mScarlet-i
(d) and GFP (f) in a TX-TL reaction. The green curves are data obtained preforming NaCRe, the gray curves are obtained as the results of expression
experiments with the TX-TL reactions supplemented with concentrations for each AA matching the gray bars shown in a), b), ¢), and e). In the negative
control expressions (violet curves), the TX-TL system was supplemented with the solution resulting from the same depolymerization process used
for the individual peptides, without adding the peptides initially. Bar-plots of the statistical mean of the results of the repeated injections (triplicates)
of each sample are shown; the error bars represent the standard deviation of the same data. The TX-TL reactions were all run in duplicates. The
expression curves represent the statistical mean of the results at any acquisition time; the shadow represents the standard deviation of the same data.

leading to a yield of =50%. We also used NaCRe to express GFP
(see Table S5, Supporting Information). In this case we spiked
cysteine into the free AAs solution obtained from the depolym-
erization of magainin II, glucagon, and somatostatin 28, the
resulting yield for GFP was =80% (Figure S2, Supporting Infor-
mation). The results presented so far were achieved performing
the depolymerization of each peptide separately, and by com-
bining the obtained solutions at the end of the depolymeriza-
tion process. In order to establish NaCRe as a recycling method
that starts from mixtures of proteins and/or peptides, we also
performed it starting with a mixture of the three peptides,
depolymerizing them together, and expressing GFP. As shown
in Figure 2e,f, the process was successful in depolymerization
and expression, leading to a yield of =70% that is approximately
the same yield we obtained when expressing GFP starting
from the product of the separate depolymerization of the
peptides.

It would be obvious at this point to wonder about the dif-
ference in observed yields for the expression of mScarlet-i and
GFP. First, the yields mentioned so far are relative yields (RY),
defined as:

ﬁ><100
P,

2

(1)
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where P; and P, are the fluorescence intensity signal for the
NaCRe (Py) and the reference (P,) expressed proteins, averaged
over the last 30 min of the experiment.

The evaluation of a yield for NaCRe is rather complex because
of the sequence-defined nature of the product. In fact, when
expressing a protein from a mixture of free AAs there will always
be a limiting reactant. This limiting AA will be the one that deter-
mines the amount of protein expressed in the reference con-
trol. By virtue of this definition, the limiting AA depends both
on the proteins/peptides that were depolymerized as well as on
the specific sequence of the protein to be expressed. As shown in
Table 1, when recycling the three peptides, the limiting AAs for
expressing the reference mScarlet-i is either proline, tyrosine, or
valine, while for GFP it is valine. Note that the limiting AA does
not necessarily need to be the AA with the lowest concentration
in the reference reactant mixture, indeed in our case this was
tyrosine. Also, the concentration of cysteine is irrelevant when
expressing mScarlet-i because it lacks cysteine. Therefore, the
yield of NaCRe can be tailored by enriching the mixture of pro-
teins to be depolymerized with proteins/protein-based materials
that contain the residues that are highly used in the sequence of
the protein to be expressed. When determining the RY we make
the implicit assumption that the limiting AA in NaCRe and in
the reference control is the same. As shown in Table 1, this is not

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Overview of the depolymerization and expressions efficiencies for key experiments in this study; minima are formatted in bold (depolymeri-

zation) and bold italics (expressions).

Depolymerization (AAs)
[nmol] of AAs in 10 uL

Expression (protein chains)?

[nmol] of protein chains in 25 pL TX-TL system supplemented with 10 uL
of AAs from depolymerization

AAs Reference AAs AAs AAs Reference  NaCRe (mScarlet-i) Reference (GFP)  NaCRe (GFP) NaCRe (GFP)
(mScarlet-i)
From separated From peptides From separated From separated ~ From peptides
peptides mix peptides peptides mix

(Type) (Ideal) (Experimental) (Experimental) (Ideal) (Experimental) (Ideal) (Experimental)  (Experimental)
H 1.76 1.11+£0.04 1.00 +0.01 0.16 0.10 £ 0.01 0.12 0.07 £ 0.01 0.07 £0.01
S 741 4.57 £0.27 5.43 +0.06 0.44 0.27 £0.02 0.74 0.46 +£0.03 0.54+0.01
Q 2.19 2.17 £0.04 1.90 £0.01 0.27 0.27 £0.01 0.27 0.27 £0.01 0.24 £0.01
G 5.67 4.05+0.18 2.80+0.01 0.19 0.14£0.01 0.26 0.18 £0.01 0.13£0.01
T 3.81 3.14£0.14 2.70+£0.01 0.22 0.19+0.01 0.24 0.20 +£0.01 0.17 £0.01
F 6.98 0.88 +0.02 0.87 £0.06 0.63 0.08 £0.01 0.58 0.07 £ 0.01 0.07 £0.01
D 2.19 2.29+0.13 0.83 £0.06 0.14 0.14£0.01 0.12 0.13£0.01 0.05+0.01
Y 1.46 0.83£0.04 0.40 £ 0.01 0.12 0.07 £0.01 0.13 0.08 +£0.01 0.04+0.01
K 7.29 5.00£0.21 3.50+£0.M 0.33 0.23+0.01 0.36 0.25+0.01 0.18 £0.01
L 2.49 2.02+0.20 1.63 £0.06 0.18 0.14 +0.02 0.12 0.10 £0.01 0.08 +0.01
R 3.08 2.50£0.11 2.53+0.06 0.22 0.18 £0.01 0.51 0.42£0.02 0.42£0.01
A 6.03 4.61£0.17 3.73£0.06 0.43 0.33+£0.02 0.75 0.58 £0.03 0.47 £0.01
\ 1.76 1.31+0.07 0.80 +0.01 0.12 0.09 +£0.01 0.10 0.07 £ 0.01 0.04+0.01
W 1.54 0.87 £0.04 0.80 +£0.01 0.51 0.29+£0.02 1.54 0.87 £0.04 0.80£0.01
M 2.57 1.66 £ 0.06 1.50 £0.01 0.23 0.15£0.01 0.43 0.28 £0.01 0.25+0.01
N 4.19 2.41+0.08 2.00£0.01 0.70 0.40 £0.02 0.32 0.19£0.01 0.15+0.01
E 1.84 1.07 £0.04 0.60 +0.01 n.ab n.a.) n.ab n.a.) n.ab
| 2.06 1.32£0.06 0.70 £0.01 0.26 0.17 £0.01 0.17 0.11£0.01 0.06 £0.01
P 1.62 0.68 +0.02 0.60 +£0.01 0.12 0.05+0.01 0.16 0.07 £ 0.01 0.06 £0.01

3 Calculated as the ratio between the amount of each AA (nmol) and the number of its incorporations inside a single protein chain, see Table S5, Supporting Information;
b)n.a. not assessable because E is present in the TX-TL system as Potassium glutamate (buffer), see Supporting Information, Section h.

necessarily always the case. Therefore, even though the RY is a
simple measure of the efficiency of our process, it depends criti-
cally on the starting and final proteins, hence it is a powerful tool
solely to compare and optimize the yield of NaCRe when starting
and ending from and into the same proteins.

The true efficiency of NaCRe should be its absolute yield
(AY) defined as a mass-to-mass ratio of the output divided by
the input. When the limiting AA is the same for the NaCRe and
reference control, the AY can be written as:

RY xY 2)

where Y is the yield of expression of the TX-TL system. AY
(mass-to-mass ratio) in the case of the expression of mScarlet-
iis =7% (see Supporting Information, Section n). The present
results show a mass-to-mass yield for NaCRe for the limiting AA
of proline in the expression of m-Scarlet-i of =15%. This is the
most accurate measurement of the absolute yield of the process.

To go beyond peptides, we performed NaCRe starting from
larger proteins with defined tertiary structures. We started by
recycling flactoglobulin A (=18 kDa, Table S1, Supporting

Adv. Mater. 2021, 2104581 2104581 (5 of 8)

Information), a protein that can be obtained in large quan-
tities as a side product of bovine milk production. As shown
in Figure 3a, fBlactoglobulin A was successfully depolymer-
ized into its constitutive AAs with a yield comparable to the
ones obtained for the peptides (see Supporting Information,
Sections e and f). These AAs were used to express GFP
(Figure S3, Supporting Information, Section h). The RY for
Plactoglobulin A recycled into GFP was =40%.

To better establish the potential of NaCRe we recycled tech-
nologically relevant materials. We first recycled a film composed
of Blactoglobulin amyloid fibrils, known to be able to adsorb
a variety of different heavy metal ions with outstanding effi-
ciency.?! Such amyloids are assemblies of peptides obtained
from the hydrolysis of lactoglobulin chains (A and B) and their
re-assembly into filamentous proteins with a typical cross-f
secondary structure. Because amyloids have been postulated to
be the ground state in the protein folding landscape,?® carrying
out NaCRe starting from these systems ideally showcase the
universality and the reach of the method. A solution of amy-
loid fibrils was dried on a cellulose membrane, as shown in
Figure 3b (see Supporting Information, Section c). The dry film

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Recycling of technologically relevant materials. a,c,e) Bar graphs of the results of the amino acid analysis for the depolymerization of
Plactoglobulin A (a), S-lactoglobulin amyloid film (c), and silk fibroin solution (e). The color scheme (and its meaning) is identical to the one used in
Figure 2, the ideal reference (gray bar) is missing from (c) because the exact composition of the amyloids composing the film is unknown. b) Photo-
graph of a film composed of S-lactoglobulin amyloid fibrils. d,f) Real-time plots of the fluorescence signal resulting from the expression of GFP from
the depolymerization of the amyloid film (d) and the silk fibroin solution (f); color scheme as in Figure 2.

was removed from the support, the film powder was weighed,
and first incubated with pepsin endoprotease (that cleaves
at the C-terminus of Leu, Phe, Tyr, Trp), then with LAP (Sup-
porting Information, Sections e and f, respectively). In order to
support the mass spectrometry evaluation of the depolymeriza-
tion process, we performed atomic force microscopy analysis of
the amyloid fibrils as prepared, and after full depolymerization.
The images of the as prepared amyloids show an abundance
of fibrils, that were absent after depolymerization (Figure S54,
Supporting Information). The mass spectrometry result of
the consecutive cleavage, and depolymerization is shown in
Figure 3c. In this case we do not have a reference standard, as
the exact amyloid composition is unknown due to the hydrol-
ysis process. We note that methionine and histidine were
obtained only at low concentrations. As shown in Figure 3d,
the free AAs obtained from the flactoglobulin film were
recycled into GFP, by spiking cysteine, methionine, and histi-
dine (see Supporting Information, Section h). We then recycled
a solution of silk fibroin (Table S1, Supporting Information),

Adv. Mater. 2021, 2104581 2104581 (6 of 8)

another technologically relevant protein used in many devices,
ranging from biomedical?”! to electronics applications.??! After
incubating fibroin with thermolysin, and then LAP (see Sup-
porting Information, Sections e and f, respectively), we success-
fully recovered fibroin’s free AAs (Figure 3e), and used them
to express GFP in our TX-TL system (Figure 3f) spiked with
cysteine, and methionine (see Supporting Information, Section
h). RY for silk fibroin recycling into GFP was =95%. Figure 3d,f
demonstrate that NaCRe is capable of recycling high molecular
weight polymeric structures, either composed of the supramo-
lecular assembly of low molecular weight peptides or character-
ized by multiple high molecular weight chains.

As described above, we decided to spike cysteine every time
we were expressing GFP because we could not detect cysteine,
that is, quantify it, in the AAs solutions from the depolym-
erizations. We then tried to assess if cysteine could be part of
NaCRe by recycling magainin II, glucagon, and somatostatin
28 into GFP, without adding any cysteine (Supporting Infor-
mation, Section h). As shown in Figure S8, Supporting Infor-
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mation, spiking cysteine was not necessary, since the two recy-
cling curves reach basically the same plateau, this means that
cysteine from the disulfide cyclization of somatostatin 28 is
recycled into GFP. This result strengthens the visionary idea
of NaCRe, where materials are recycled into completely dif-
ferent ones, without the need of any external monomer feed,
that is fulfilling the principles of a circular-economy model for
polymers. After proving that cysteine can be recycled by NaCRe
(as well as the other AAs), we performed every experiment
without the need of spiking any amino acid. We produced a
mixture of low and high molecular weight proteins (glucagon,
[Blactoglobulin A, and silk fibroin), and we successfully recy-
cled it into GFP, as shown in Figure S9, Supporting Informa-
tion. RY for recycling this mixture of proteins into GFP was
=70%.

In order to show that NaCRe can undergo more than
one complete cycle, we first scaled-up the NaCRe processes
described just above to produce either GFP or mScarlet-i. We
purified these proteins (see Figure S57, Supporting Infor-
mation), and characterized them by proteomic analysis (see
Supporting Information, Section m). For GFP we identified
24 exclusive unique peptides (55 exclusive unique spectra),
with 87% sequence coverage. For mScarlet-i we identified
21 exclusive unique peptides (48 exclusive unique spectra), with
77% sequence coverage. We then performed a second NaCRe
cycle on the purified GFP (=0.1 mg) to produce mScarlet-i
(Figure S10, Supporting Information), without the need of any
spike AAs (see Supporting Information, Section i). After per-
forming NaCRe starting from the mixture of low and high
molecular weight proteins, we applied the same strategy to
recycle a very complex mixture of proteins, that is our whole
TX-TL system. As shown in Figure S11, Supporting Informa-
tion, we successfully recycled into mScarlet-i the whole solu-
tion resulting from a first cycle of NaCRe in which glucagon,
[Blactoglobulin A, and silk fibroin were recycled into GFP (see
Supporting Information, Section i). This experiment dem-
onstrates the robustness of NaCRe that can perform multiple
cycles of recycling for truly complex protein mixtures, in the
presence of other polymers such as nucleic acids.

Starting from the same mixture of glucagon, Blactoglobulin
A, and silk fibroin, we have also performed NaCRe to obtain
catechol 2,3-dioxygenase (see Table S5, Supporting Informa-
tion), an enzyme which converts catechol into 2-hydroxymu-
conate semialdehyde.’%) Figure S12, Supporting Information,
shows that the product of NaCRe is indeed catalytically active.

After having shown that NaCRe is capable of recycling a
variety of structurally different proteins, and protein-based
materials, we demonstrated that NaCRe is not limited to the
functionalities present in the 20 proteinogenic AAs. Thus, we
recycled 2 unnatural amino acids (UAAs, r-norleucine, and
1-canavanine) originating from a peptide containing several
UAAs (see Table S1, Supporting Information), some present as
pI-stereoisomers (3-fluoro-pr-valine and pi-3-hydroxynorvaline).
The non-natural peptide was incubated first with thermolysin,
then with LAP, as described in Supporting Information, Sections
e and f. MSS analysis before (Figure S17, Supporting Information),
and after thermolysin incubation (Figures S32-S35, Sup-
porting Information, Section j) shows extensive cleavage. After
depolymerization with LAP, we identified all the residues
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composing the non-natural peptide (Figures S36-S41, Sup-
porting Information, Section j). r-norleucine and r-canavanine
were successfully recycled into GFP (Figures S42-S53, Sup-
porting Information, Sections h and m), following the protocol
developed in refs. [31,32]. The final product of this approach is
a SDP composed of a set of monomers that goes beyond the
20 proteinogenic AAs. It should be noted that the GFP produced
in this way is not fluorescent (Figure S13, Supporting Informa-
tion). If one wanted to obtain from NaCRe proteins with their
full set of biological properties then NaCRe should be based
solely on the 20 proteinogenic AAs.

3. Conclusion

The results presented show that it is possible to envision a
way of recycling protein-based materials, outside living organ-
isms, where mixtures are transformed into a single targeted
final protein. The recycling of the flactoglobulin film, and of
silk fibroin into GFP can be used as a proof-of-concept for the
generality of NaCRe, showing its potential to recycle materials
composed of complex molecular architectures. Particularly
noteworthy is that such a process can be carried out also from
protein templates with extremely robust secondary structures,
as in the case of amyloids. There are many challenges ahead
for NaCRe, clearly the first one is the upscaling of the process
in an economically viable way. This will require optimization of
all the processes in terms of reactants and reaction conditions.
An upscaled process will allow for the opportunity of identi-
fying proteins that are particularly suitable for NaCRe and con-
sequently for the focusing of NaCRe toward true technological
opportunities.

The NaCRe is a complex yet powerful way to think about
recycling, were mixtures of (soft) materials are transformed
into new (soft) materials, not (necessarily) related to the parent
ones. NaCRe has two key requirements, the materials must be
sequence-defined macromolecules (not strictly necessary for
the first NaCRe cycle) based on links that can be readily depo-
lymerized, and the polymerization reaction must be based on
an approach that can use random mixtures of monomers as
starting materials (this is what the ribosome does exceptionally
well). Many efforts have recently focused on developing increas-
ingly complex synthetic SDPsB3334 for applications ranging
from data storagel>) to catalysis.?#3% It is true that these
SDPs are all synthesized with approaches that are incompatible
with NaCRe as they are based on step-growth synthesis and
require the separation of the starting monomers. It should be
noted though that significant efforts exist in creating a syn-
thetic equivalent of the ribosome,***!l that is a system capable
of synthesizing SDPs starting from mixtures of monomers.
With this work we hope to highlight an additional advantage
of SDPs, their amazing ability to be recycled in ways that fulfill
the vision of a circular economy.

4. Experimental Section

Comprehensive information about the materials and procedures is
detailed in the Supporting Information.

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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