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Successes in biocatalytic polyester recycling have raised the possibility of

deconstructing alternative polymers enzymatically, with polyamide (PA) being
a logical target due to the array of amide-cleaving enzymes present in nature.
Here, we screen 40 potential natural and engineered nylon-hydrolyzing

enzymes (nylonases), using mass spectrometry to quantify eight compounds
resulting from enzymatic nylon-6 (PA6) hydrolysis. Comparative time-course

reactions incubated at 40-70 °C showcase enzyme-dependent variations in
product distributions and extent of PA6 film depolymerization, with sig-
nificant nylon deconstruction activity appearing rare. The most active
nylonase, a NylC variant we rationally thermostabilized (an N-terminal
nucleophile (Ntn) hydrolase, NylCy-TS, T,,,=87.4 °C, 16.4 °C higher than the
wild-type), hydrolyzes 0.67 wt% of a PA6 film. Reactions fail to restart after
fresh enzyme addition, indicating that substrate-based limitations, such as
restricted enzyme access to hydrolysable bonds, prohibit more extensive
deconstruction. Overall, this study expands our understanding of nylonase
activity distribution, indicates that Ntn hydrolases may have the greatest
potential for further development, and identifies key targets for progressing
PA6 enzymatic depolymerization, including improving enzyme activity, pro-
duct selectivity, and enhancing polymer accessibility.

Polyamides (PAs), often referred to as nylons, are versatile, amide
bond-linked, petroleum-derived thermoplastics. Considered high-
performance materials, PAs are used in a range of applications,
including in textiles, fishing nets, packaging, and medical devices'. The
most prevalent nylons are PA6 and PA6,6, derived from caprolactam or
adipic acid and hexamethylene diamine monomers, respectively, with
a combined annual global consumption of 7.67 million tons in 20182
The production of PA6 and PA6,6 is both energy- and greenhouse gas
(GHG) emissions-intensive, contributing a combined 197 MJ/kg of
energy use and 10.4 kg-CO,e/kg GHG emissions for US nylon

consumption alone?. Furthermore, as with many anthropogenic poly-
mers, PA6 and PA6,6 are sparingly biodegradable, hence they can
accumulate in the environment’. Circularization of the nylon economy
via recycling offers a potential avenue for reducing energy consump-
tion and GHG emissions, decreasing reliance upon fossil fuels, and
minimizing environmental impacts of PA waste*”. However, little post-
consumer nylon waste is currently collected, and recycling proves
challenging as PAs are often combined with other polymers®®.
Hence, to complement a number of currently successful, specialized
commercial PA recycling operations’™, and several promising
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deconstruction methods described in the literature™ ™, there is need
for a wider catalog of nylon recycling approaches to manage this
polymer at end-of-life”, with selective techniques that release PA
monomers being of particular interest for closed-loop recycling'®".

Chemical recycling using enzymes is an emerging approach with
the potential to become a selective method for plastic monomer
recovery>*°. Excitingly, for poly(ethylene terephthalate) (PET), enzy-
matic recycling is advancing towards commercial deployment®-?,
Such successes in biocatalytic PET depolymerization have motivated
interest in emulating similar approaches with other polymers, with
interests mainly focused on other C-O and C-N linked plastics™?**,
including nylons. Indeed, PAs are a logical choice for enzymatic
depolymerization as both amide bonds and amide bond-hydrolyzing
enzymes are prevalent in nature. A key first step is the identification of
a biocatalyst capable of PA deconstruction, a potentially challenging
endeavor as the amide bonds in nylons exhibit limited accessibility due
to strong intermolecular hydrogen-bonding networks®. Nevertheless,
several microorganisms with measurable PA biodegradation activity
have been reported®*, indicating that enzymatic nylon deconstruc-
tion may be achievable. The best-characterized nylon hydrolases
(hereafter, nylonases), NylC,,, and NylB, were originally discovered in
Arthrobacter sp. K172”. NylCp,, an N-terminal nucleophile (Ntn)
hydrolase (EC 3.5.1.117), and NyIB (E.C 3.5.1.46), a serine hydrolase with
a Ser-Tyr-Lys catalytic triad, are reported to catalyze hydrolysis of
oligomers and dimers of PA, respectively (Fig. 1A)***°. Numerous other
hydrolases have potential PA depolymerization activity, including Ser-
(cis)Ser-Lys containing amidases (EC 3.5.1.4), cutinases (EC 3.1.1.74)
using the canonical Ser-His-Asp (SHD) catalytic configuration and
multiple proteases using either serine or cysteine residues as catalytic
nucleophiles (EC 3.4.21 & 3.4.22)7°*8 Taken together, these obser-
vations suggest that nylonase activity may be achieved by using mul-
tiple different enzyme active-site architectures.

With various potential nylonases described, there is an opportu-
nity to assess enzymes with a variety of catalytic residue architectures
for their propensity to deconstruct solid PAs. Previous studies have
necessarily used a wide variety of analyses and substrates to detect and
quantify biocatalytic nylon deconstruction. For instance, while some
studies use proxy measurements to evaluate nylon-active enzymes,
such as looking for polymer surface changes via rising-height
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Fig. 1| Nylonase activity is found across enzymes with different active site
architectures and diverse substrate preferences. A Example catalytic residues
used by potential nylonases: Ser-His-Asp (SHD) serine hydrolases, NyIB-type serine
hydrolases (putative catalytic triad for this enzyme group, only two known
enzymes described), amidases (example amidase catalytic triad used by Ser-(cis)
Ser-Lys amidases), and NylC-type N-terminal nucleophile hydrolases.

B Phylogenetic tree of enzymes selected for potential PA6 deconstruction activity,

analysis**¢, or using indicator compounds to identify the release of

amine-containing molecules**™', others use soluble substrate analogs
to probe enzyme kinetics™, or look for changes in thickness of self-cast
nylon films following enzyme application®’. However, the large diver-
sity of experimental set-ups and substrates used across such studies,
makes a direct comparison of previously described enzymes challen-
ging. Hence, to identify nylonases with the most promising char-
acteristics, it would be advantageous to assess enzymes with self-
consistent reaction conditions, substrates, experimental protocols
and analysis methods, to ensure equitable comparisons®°. Taking
inspiration from the PETase field, a high-throughput depolymerization
quantification method that can assess the major soluble released
products following enzymatic nylon hydrolysis would be ideal’’*, in
conjunction with rigorous characterization of the PA polymer sub-
strates used’. Such analysis techniques could be leveraged to accel-
erate our understanding of nylonase action and may additionally aid in
the discovery and engineering of new nylon-active enzymes.

Here, we examined 40 proposed nylonases for their potential for
PA6 depolymerization (Fig. 1B), selecting those with a range of enzyme
active-site architectures and a variety of previously described sub-
strate preferences. Within the enzyme set, we also included engi-
neered enzymes with high thermostability, a desirable characteristic to
enable polymer deconstruction near the glass transition temperature
(Ty) of the plastic (T PA6 = ~-50-55°C)*°, whereby substrate accessi-
bility may be increased®’. These enzymes were tested for their ability to
hydrolyze PA6 films, using a high-throughput nylon depolymerization
analysis method based on liquid chromatography with tandem mass
spectrometry (LC-MS/MS), which accurately and simultaneously
detects and quantifies linear-oligomers of PA6 up to pentamers, and
cyclic-oligomers up to trimers in a single sample. Product release
analysis was coupled with rigorous characterization of the PA6 mate-
rials used in the study, both pre- and post-enzymatic deconstruction.
Our results indicate that although measurable nylonase activity is
present in multiple enzymes, with different enzyme-dependent dis-
tributions of reaction products, Ntn hydrolases appear to be the most
active of the enzymes examined here. We present evidence that even
the best nylonases tested only hydrolyze a small portion of available
PA6, with between 0.1 and 0.7% of the PA6 depolymerized, depending
on the enzyme used. The most promising enzyme candidates were
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colored to match the enzyme groupings used throughout (yellow: NyIC-type, blue:
NylB-type, purple: amidase, pink: SHD-hydrolase, green: protease, gray: misc.).
Inset numbers on the branches represent confidence values (%). References for the
enzyme source and group are available in Supplementary Data 1, enzyme
sequences, EC numbers, and expression conditions are available in Supplementary
Data 2. a-Chymo o-Chymotrypsin, HotPET HotPETase, MGS MGS0156, UMG-1
UMG-SP-1, UMG-2 UMG-SP-2, UMG-3 UMG-SP-3.
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subjected to additional characterization to explore depolymerization
extent as a function of reaction conditions. Because PA6 hydrolysis
plateaued in all cases, we further investigated reaction progression
with the top-performing enzyme, a thermostabilized NylIC homolog,
NyICi-TS, to better understand the depolymerization process. For
NyICi-TS, no further depolymerization was observed after fresh
enzyme addition, but additional product release was observed fol-
lowing addition of fresh PA6, indicating that enzyme failure does not
explain low depolymerization extents, and instead low extents of
deconstruction may be considered a substrate-based phenomenon.
Overall, our study highlights areas for future improvement necessary
to create a viable PA6 biocatalytic recycling strategy.

Results

Identification, expression, and amide bond hydrolysis assays of
potential nylonases

We first constructed a diverse set of enzymes, initially focusing on
biocatalysts with reported PA polymer or linear-oligomer decon-
struction activity from peer-reviewed literature and patents (Fig. 1B,
Supplementary Data 1-2). As polymer chains become more accessible
near the glass transition temperature (7y) of the substrate (for PA6,
Ty~ 50-55°C), enzyme thermotolerance was chosen as a desirable
characteristic, and hence, was considered when selecting candidates®.
As demonstrated by Negoro et al.,, NylC,, and its homologs (Ntn
hydrolases) have previously been shown to exhibit activity on PA6
cyclic oligomers, linear oligomers and solid PA6 (powder and thin
film)>*37495363 whilst NylB and its homologs have been shown to
exhibit PA6 dimer hydrolysis activity®®*°. Amidases have also been
used for PA6 modification. One of these enzymes, NfPolyA, an amidase
signature (AS) family protein from Nocardia farcinica, had also been
reported to exhibit polyurethane (PUR)-hydrolyzing activity, hence,
we included some known polyurethanases and urethanases, hypo-
thesizing that these enzymes may also exhibit activity on PA™®*,
Additional Ntn hydrolases and AS family enzyme candidates were
selected following NylCp, and NfPolyA homolog searches, selecting
enzymes from potentially thermotolerant sources. Numerous reports
suggest serine hydrolases with the canonical Ser-His-Asp (SHD) cata-
lytic triad including cutinases, and proteases using either serine or
cystine catalytic nucleophiles, exhibit promiscuous activity for nylon
surface modification**~*%°*%%, Thus, these enzymes were also added to
the set. A number of the cutinases described also had PET depoly-
merization activity, hence, several other PET-active SHD hydrolases
were added, including some previously engineered thermostabilized
variants”*%, with the hope that they may also exhibit PA
depolymerization.

Following selection, enzymes were broadly categorized into six
main groupings dependent on both their catalytic activities and pre-
viously described substrate preferences (Fig. 1B, Supplementary
Data 1). Enzymes found by homology searches were put in the same
group as the query enzyme, whilst those where no natural substrate was
described in the original publications were assigned functionality using
BLAST searches®. The groupings used from here on are as follows: (1)
NylC-type enzymes, Ntn-hydrolases found to hydrolyze PA6 trimers
and longer PA oligomers, (2) NyIB-type enzymes, serine hydrolases (Ser-
Tyr-Lys catalytic triad) previously demonstrated to specifically hydro-
lyze PA dimers, (3) amidases, AS family enzymes that act on linear
amides or urethane bond containing compounds, (4) Ser-His-Asp
hydrolases (SHD-hydrolases), serine hydrolases with a substrate pre-
ference for ester-linked polymers, (5) proteases, serine and cystine
proteases that cleave peptide bonds in proteins, and (6) miscellaneous
(misc.), enzymes that do not fall into one of the other five main
groupings. Manganese peroxidases (MnPs), which have previously
been implicated in PA hydrolysis®*>*, were excluded from our study as
their radical-based reaction leads to diverse product mixtures that may
be less desirable for a closed-loop circular recycling process®*.

Inspired by the successful homology-based thermostability
enhancement of NylCp, by Negoro et al. (NylC,, D122G/H130Y/D36A/
E263Q, T, increase of 36 °C, demonstrated hydrolytic activity on solid
PA6 powder)*, we also rationally mutated NylCs from Agromyces
(NylC,) and Kocuria (NylCk) to increase their melting temperatures
(Tms)**“". In both enzymes, residues previously described as poten-
tially destabilizing were substituted for their homologous counter-
parts in NylCp, (S111G and Al137L), with E263Q additionally being
introduced into NylC, as a potential stabilizing mutation from NyIC.
These mutations increased protein Ty, by 16.4 °C and 25.1 °C for NylCy-
TS and NylCA-TS, respectively (NylCx-TS, T, =87.4°C, NylCA-TS,
Tm=387.1°C, Supplementary Fig. 1). As a three-point mutant of NyIB’
(NyIB homolog from Arthrobacter sp. K172, NylB-SCY: R187S/F264C/
D370Y)* was demonstrated to have enhanced PA6 dimer hydrolysis
activity, we introduced the corresponding mutations into NyIB (from
Arthrobacter sp. K172), to generate NyIB-SCY, hoping that the muta-
tions would impart additional PA depolymerization activity. The
resulting panel of WT and engineered enzymes comprised of 41
candidates.

Five enzymes were procured from commercial sources; of the 36
enzymes not available commercially, 35 were successfully expressed
and purified from Escherichia coli (expression summaries detailed in
Supplementary Data 2), to give a 40-member candidate pool. To test
the ability of each enzyme for amide bond hydrolysis, candidates
were incubated with N-(4-nitrophenyl)butanamide (N4NB), a small
molecule surrogate that contains a butyramide motif akin to the amide
bonds in PA6 (0.5 mM N4NB, 2 uM enzyme, 30 °C in reaction buffer
(100 mM sodium phosphate buffer, pH 7.5, 150 mM NaCl), Fig. 2,
Supplementary Fig. 2A-1). Successful hydrolytic cleavage of the amide
bond in N4NB results in the release of p-nitroaniline (p-NA), which can
be monitored spectrophotometrically. The amidases®**” (Supple-
mentary Fig. 2D-F) and NylB-type enzymes*’>”> (Supplementary
Fig. 2A) exhibited the highest levels of amide hydrolysis activity, with
the UMG-SP enzymes” (metagenomic amidases), NfPolyA** (poly-
amidase from N. farcinica), GatA*’ (amidase of unspecified origin), and
MsmegA (metagenomic amidase) completely converting 500 uM
N4NB in under five minutes, whilst ReU’® (Rhodococcus equi TB-60
urethanase), OoH” (w-octalactam hydrolase), and NyIB-SCY*’ reached
100% conversion in under 30 minutes. The NyIC-type enzymes®¢"7475
(Supplementary Fig. 2B, C) and SHD-hydrolases®***%7¢82 (Supple-
mentary Fig. 2H, I) exhibited a wider range of activities. The highest
performers in these two groups, NylC,*” and AoC’® (Aspergillus oryzae
cutinase), displayed 16.2 and 29.3 uM/h p-NA production, respectively,
during the linear phase of the reaction, and the poorest performers, M-
NyIC (Microbacterium sp. NylC) and LCC-ICCG” (engineered cutinase
from leaf/compost metagenome), only had detectable activity after 8 h
and 12 h, respectively. Interestingly, none of the proteases (a-chymo-
trypsin, papain, subtilisin, and trypsin*®, Supplementary Fig. 2G) had
any detectable hydrolysis activity under the tested reaction condi-
tions; this may be due to the difference in chemical properties between
N4NB and the protease’s natural substrates.

Development of a high-throughput solid PA6 depolymerization
analysis method by LC-MS/MS

We next sought to thoroughly characterize the ability of the potential
nylonase panel to deconstruct solid PA6. Due to the lack of a strong
chromophore in the predicted products and the desire for sub part per
million (ppm) detection limits, we developed a high-throughput liquid
chromatography with tandem mass spectrometry (LC-MS/MS) analysis
method (published on protocols.io, [https://doi.org/10.17504/
protocols.io.6qpvr3k92vmk/v1])*®* to monitor the major predicted
soluble released compounds following PA6 depolymerization reac-
tions. Utilizing tandem mass spectrometry enabled rapid analyses.
When operating in multiple reaction monitoring (MRM) mode, the
instrumentation and detection is optimized for each compound,
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Fig. 2 | N-(4-nitrophenyl)butanamide (N4NB) activity assays with potential
nylonases. All successfully expressed enzymes were tested for their ability to
hydrolyze the amide bond in N4NB, leading to the release of p-nitroaniline (p-NA,
monitored spectrophotometrically at 410 nm) and butyric acid (BA). The bar chart
shows the conversion extent of N4NB to p-NA after 5 h of reaction using 0.5 mM
N4NB and 2 uM enzyme at 30 °C in reaction buffer (100 mM sodium phosphate
buffer (NaPi), pH 7.5,150 mM NacCl). Enzymes are colored by their group from Fig. 1,
with SHD-hydrolase and misc. group bars hashed to aid clarity; the proteases
exhibited no detectable activity and thus are not shown. A double asterisk (**)
indicates reactions with enzymes that went to completion in < 5min, a single

asterisk (*) indicates reactions with enzymes which went to completion in < 30 min.
All reactions are ordered with respect to reaction rate, with the fastest enzymes to
the left. A no enzyme control reaction led to no detectable release of p-NA. Data
shown are baseline corrected. Reactions were carried out in triplicate (n =3), error
bars show the standard deviation of the replicate measurements, the error bar
centers are the means of the replicate measurements, and the replicate measure-
ments are represented as gray circles. References for the enzyme source and group
are available in Supplementary Data 1, and the enzyme sequences, EC numbers, and
expression conditions are in Supplementary Data 2. Source data are provided in the
Source Data file.
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Fig. 3 | LC-MS/MS analysis of major soluble compounds present in enzymatic
PA6 deconstruction reactions. A Representative LC-MS/MS chromatogram fol-
lowing enzymatic hydrolysis of PA6 (0.01 uM NyICk-TS, 13 mg PA6, 60 °C), showing
the eight compounds that were detected and quantified. B Representative cali-
bration plot of standards run prior to analysis of samples by LC-MS/MS, showing
the five chemical standards (analytes) that were available commercially, measured

from 0.01-7.0 ug/mL. The 6-AHA tetramer and pentamer concentrations, and the
6-AHA cyclic-trimer concentrations were determined using the calibration curves
from the 6-AHA trimer and 6-AHA cyclic-dimer, respectively, as no commercial
standards were available. The dotted line represents the quadratic line of best fit for
each analyte. Source data are provided in the Source Data file.

making the mass transitions highly selective and unique to each ana-
lyte, and thus eliminating the need for chromatographic peak
separation or product derivatization, significantly reducing analy-
sis time.

Using this ex-situ analysis method, linear-oligomers of
6-aminohexanoic acid (6-AHA) from monomer to pentamer and cyclic-
oligomers from e-caprolactam to trimer were all detected in under
three minutes, representing a significant advancement in the speed

and diversity of potential products quantified (Fig. 3A). The use of a
multisampler allows eight 96-well plates to be analyzed without man-
ual intervention, with around 20 samples being analyzed per hour.
Reaction samples were arrayed across 96-well plates, with a calibration
verification standard (CVS) evaluated every 20 wells to ensure accurate
quantification and system stability, demonstrating the suitability of
this method for high-throughput analyses® .All analytes were detect-
able from 0.01-7.0 pg/mL, with samples above the upper quantitation
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limit further diluted to enable quantification in the calibration range.
Calibration curves were run prior to each set of samples analyzed to
account for mass spectrometry signal drift (Fig. 3B). The linear 6-AHA
products from monomer to trimer and cyclic products from e-
caprolactam to 6-AHA cyclic-dimer were quantified using commercial
standards. The linear 6-AHA tetramer and pentamer were quantified by
applying the calibration curve from 6-AHA linear trimer; the 6-AHA
cyclic-trimer was quantified utilizing the calibration curve from the
6-AHA cyclic-dimer responses.

Assessment of potential nylonases on a solid PA6 substrate
With a robust nylon depolymerization analysis method in hand, we
next sought to examine the capabilities of our enzyme panel for PA6
deconstruction. For activity screens, commercially available PA6 film
from Goodfellow was used as the substrate (13.2% crystallinity by dif-
ferential scanning calorimetry (DSC), 0.2 mm thickness, full material
characterization detailed in Supplementary Table 1, with DSC, gel
permeation chromatography (GPC) and thermogravimetric analysis
(TGA) plots shown in Supplementary Fig. 3A-C).

PA6 film was washed with DI water prior to use, as detailed in the
Methods section, to remove surface-bound cyclic-oligomer by-
products created during the nylon manufacturing process®. Reac-
tions comparing the enzyme panel were conducted for 10 days at
temperatures from 40 to 70 °C, with time points taken at 24, 72, 168,
and 240 h (Supplementary Fig. 4). Control assays without enzyme led
to minimal release of linear 6-AHA oligomers, with the 6-AHA mono-
mer below the limit of detection across all tested temperatures when
no enzyme was present (Supplementary Fig. 5A). Enzyme reactions
were carried out in 100 mM sodium phosphate buffer (NaPi), pH 7.5,
150 mM Nacl, and contained 2 pM enzyme and 13 mg PA6 (two squares
of 0.5 x 0.5cm PA6 film), representing a substrate loading and an
enzyme/substrate loading in the reactions of 0.65wt% and 0.15mM
enzyme/g PA6 film, respectively, unless otherwise stated. Although
polymer deconstructions may be surface-area limited processes, the
enzyme/substrate loading is referred to throughout as amount of
enzyme per mass of PA6 as is good practice for enzymatic depoly-
merization reactions®**%, Across all tested enzymes, the extent of &-
caprolactam release was consistent; for most enzymes assayed, con-
centrations of the 6-AHA cyclic-dimer and cyclic-trimer also remained
constant during the reaction (Supplementary Fig. 5B). Hence, for
clarity, only the linear products are presented graphically, with cyclic
products mentioned only when their levels changed. The linear oli-
gomers (from monomer to trimer) appear robust to incubation for
extended time periods at 40-80 °C, with an average recovery (as
measured by LC-MS/MS) across all time points and temperatures of
96.4% + 9.2, 99.9% + 6.3 and 104.3% + 7.2 of individually incubated
10 pg/mL standards of 6-AHA monomer, 6-AHA dimer and 6-AHA tri-
mer, respectively (Supplementary Table 2). These results indicate that
changes in oligomer levels seen in reactions can be attributed mainly
to enzyme action. As a note, although the nylonase deconstruction
assays presented below were all conducted with purified proteins, the
LC-MS/MS analytical method is unaffected by instead using crude cell
lysate (Supplementary Fig. 6) as the biocatalytic agent, with a similar
product release profile witnessed as compared to using purified pro-
tein (Supplementary Fig. 7). To aid comparisons of total PA6 depoly-
merization extent in each reaction, the detected soluble released
products are presented as their 6-AHA equivalents.

Nylonase activity was observed across a range of enzymes from
the different groups tested: overall, 31 enzymes demonstrated mea-
surable activity, while nine enzymes exhibited minimal detectable
additional soluble product release above background levels (Fig. 4,
Supplementary Figs. 8-13). The temperatures for optimal activity
ranged from 40 to 70 °C, with, in general, higher levels of soluble
product release seen with increasing temperatures. Interestingly, there
appears to be different distributions of products released across the

different enzyme groups. Namely, NyIB-type enzymes, GatA, and UMG-
SP-1 mainly produce 6-AHA monomer, whilst most amidases and
cutinases release a mixture of linear products, with very little 6-AHA
pentamer seen for many of the amidases. The most active NylC-type
enzyme reactions, however, are dominated by 6-AHA dimer. It is
important to note that only one pH and buffer condition was tested, so
it is possible that relationships between different enzyme activities
seen here may be altered by more extensive optimization of reaction
conditions for each individual enzyme.

By far the most active enzymes were from the NylC-type group,
with NylC,,5, NylCs, NyICy, and their engineered variants identified as
the top-performers, being between two and six-fold more active than
the best enzymes from other groups. The significant accumulation of
linear 6-AHA trimer in the reactions with the NyIC variants found via
homology searches is probably a result of their lower propensity for
trimer hydrolysis. For instance, NylCi-TS hydrolyzes 100% of 50 uM
6-AHA trimer to dimer and monomer in under 30 minutes at reaction
conditions, while trimer hydrolysis is much slower with Tt-NylC
(Thermocatellispora tengchongensis NylC), where 67.1% trimer remains
after five hours (pH 7.5 NaPi buffer, 150 mM NacCl, 2 uM enzyme, 60 °C)
(Supplementary Fig. 14A, B). As the 6-AHA dimer remains intact at
reaction conditions in the presence of NylCi-TS after 24 h (100 uM
dimer, pH 7.5 NaPi buffer, 150 mM NaCl, 2 uM NyIC-TS, Supplemen-
tary Fig. 14C), monomer accumulation in reactions containing NylCp,,
NyIC,, NyIC, and their variants may be due to the fast hydrolysis of
released trimers to 6-AHA dimer and monomer. Thermostabilizing
mutations appeared beneficial as hypothesized, with all NyIC-TS var-
iants showing increased activity at 70 °C (Supplementary Fig. 8, Fig. 4),
compared to 50-60 °C optimal temperatures for their wild-type (WT)
counterparts. However, interestingly, these mutations also appeared
to slow the hydrolysis of the 6-AHA cyclic-trimer, which is a known
substrate for NylC-type enzymes (Supplementary Fig. 15)”*. The best
NylC-type enzyme tested was the two-point mutant NylCy-TS
(T =87.4 °C) (Figs. 4 and 5A), which was even active up to 80 °C
(Supplementary Fig. 16). In comparative reactions of NylC,-WT and
NyICk-TS at 40-60 °C the total released products and reaction profiles
are highly comparable (1uM enzyme and 13 mg PA6, 0.08 uM/g PA6,
0.65 wt% substrate loading, pH 7.5 NaPi buffer, 150 mM NacCl, Supple-
mentary Fig. 16). However, from 70-80 °C, NyICx-TS has a higher
overall yield of soluble products after 10 days (Supplementary Fig. 16).
Comparing both enzymes at the temperatures which led to the highest
product release (50 °C and 80 °C, respectively), NylCy-TS starts pro-
ducing more 6-AHA equivalents from 3 h of reaction onwards, releas-
ing 28.8% more 6-AHA equivalents over the course of 10 days (1M
enzyme and 13 mg PA6, 0.08 mM enzyme/g PA6, 0.65 wt% substrate
loading, pH 7.5 NaPi buffer, 150 mM NaCl, Fig. 5B). Despite the promise
of the overall best performing enzyme NylC-TS, the highest soluble
PA6 oligomer release seen (339.7uM of 6-AHA equivalents) only
equates to 0.67 wt% PA6 depolymerization extent.

Intriguingly, although NyIB appears sparingly active for PA6 film
deconstruction, NyIB’, a NyIB homolog with 88% sequency identity,
released 72.9 uM 6-AHA equivalents over 10 days at 40 °C (Fig. 4B,
Supplementary Fig. 9). The three-point NyIB’ variant, NyIB’-SCY, is even
more active and additionally more thermostable, with optimal 6-AHA
equivalent release at 50 °C (130.2uM 6-AHA equivalents), corre-
sponding to 0.26 wt% PA6 deconstruction after 10 days of reaction.
Although the NyIB-WT scaffold appears to be the driving force for
increased PA6 hydrolysis activity compared to NyIB-WT, the R187S/
F264C/D370Y mutations also appear to have an effect as NyIB-SCY is
three-fold more active than NylB-WT. However, as the total 6-AHA
equivalents released over 10 days at 40 °C by NyIB-SCY was <8.0 uM,
the overall effect on PA6 depolymerization was negligible. NyIB’-SCY
readily hydrolyzes both 6-AHA dimer and trimer at reaction conditions
(pH 7.5 NaPi buffer, 150 mM NaCl, 2 uM NyIB’-SCY, 50 °C), with 100 uM
dimer or 50 M trimer completely converted to monomer in under

Nature Communications | (2024)15:1217



Article

https://doi.org/10.1038/s41467-024-45523-5

A Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
40|50 60|70 40|50 60|70 4050|6070 |40]|50]|60]|70]]40]|50]|60]70]]40]50]60]70
No enzyme NyICA NyIC,, FsC LCC-ICCG UMG-SP-2
< 1
2—
S 3]
g7
=10
M-NyIC NyICA-TS NyIC,-TS HiC GatA UMG-SP-3
a1
2—
33
[0]
E_1]
=10
Nc-NyIC NyICk NyIB' HotPETase ReU
—~ 1 —
[d
g 3] 3
S 8
£ 7] s
F 10 2
3
g
Tt-NylC NyICk-TS NyIB'-SCY LCC-ICCG UMG-SP-1 <
T
~ 1 <
& — &
g3 El %0
2] 40
AN E e N | B R B X
B m6-AHA
—~ 350 1 O6-AHA dimer
2300 - O6-AHA trimer
2 250 B6-AHA tetramer
S 200 @6-AHA pentamer
g 150
£ 100
<
© 50
0
NyIC«-TS LCC-ICCG
(days, 50 °C)  |(days, 70 °C] [days, 60 °C (days, 70 °C

Fig. 4 | Enzymatic PA6 depolymerization reactions with the top performing
enzymes from each group. A Heat map time-course profiles of the total released
(sum) 6-AHA monomer equivalents following PA6 depolymerization reactions with
the top performing NyIC-type (yellow), NyIB-type (blue), SHD-hydrolase (pink), and
amidase (purple) enzymes, carried out from 40 to 70 °C over 10 days. The heat map
gradient represents the released 6-AHA monomer equivalents from O to 360 uM,
with each square representing the average of reactions carried out in triplicate
(n=3). (Full enzyme names and sources are in Supplementary Data 1.) B Repre-
sentative depolymerization reactions with enzymes from each group at their

optimal temperatures (reactions conducted between 40 and 70 °C, x-axis), with
6-AHA oligomers of different lengths represented as their 6-AHA monomer
equivalents. Reactions were carried out in triplicate (n=3), error bars show the
standard deviation of the replicate measurements, the error bar centers are the
means of the replicate measurements, and the replicate measurements are repre-
sented as gray circles. For all data in (A) and (B), the reactions contained 2 uM
enzyme and 13 mg PA6 (0.15 mM enzyme/g PA6, 0.65 wt% substrate loading) and
were incubated in reaction buffer (100 mM NaPi buffer, pH 7.5, 150 mM NacCl).
Source data are provided in the Source Data file.

30 minutes (Supplementary Fig. 17A, B). Based on these experimental
results, it is difficult to identify whether the accumulation of 6-AHA
monomer is a product of longer oligomer release followed by fast
hydrolysis to monomer, or whether NyIB-SCY exclusively releases
6-AHA monomer from polymer chain ends.

For the nylon-active SHD-hydrolases, Fusarium solani cutinase
(FsC) and Thermobifida cellulosilytica cutinase 1 (ThcCutl) have been
used previously to modify the surface of PA-6,6 fabric****°, The
reaction profiles and product distributions of all of the biocatalysts
tested from this group suggest a similar mode of action, with the
mixture of soluble oligomers released indicating non-specific cleavage
of surface residues, rather than coordinated, progressive depolymer-
ization activity (Supplementary Fig. 10). Support for this mode of

action comes from the most active SHD-hydrolase tested, LCC-ICCG
(Fig. 4B), which produces only 49.8 uM of 6-AHA equivalents over the
course of 10 days at 70 °C, corresponding to 0.09 wt% depolymer-
ization of the PA6 film. The observation that mixtures of oligomers are
retained over the 10 days of reaction additionally suggests that there is
limited further deconstruction of these soluble linear products by
SHD-hydrolases. Indeed, incubation of LCC-ICCG with 50 uM 6-AHA
trimer for 24 h at reaction conditions (pH 7.5 NaPi buffer, 150 mM NacCl,
2uM LCC-ICCG, 70 °C), leads to negligible turnover to dimer or
monomer (Supplementary Fig. 17C).

Similarly, low extents of depolymerization are also observed for
the amidases, potentially due to their low thermotolerance, with most
becoming deactivated above 40 °C (Fig. 4A, Supplementary Fig. 11).
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Fig. 5 | Comparison of NylCk and the thermostabilized variant NyICi-TS.

A Mutational map of NyICy-TS (NylCy-S111G/A137L) using the crystal structure of
the close homolog NyIC, (PDB: 3AXG [https://doi.org/10.2210/pdb3AXG/pdb]) as a
scaffold. NylC-TS is an afy heterodimer, which is represented by the light and dark
blue ribbons; the catalytic residue (T267) is shown as a van der Waals surface
colored by all atoms with orange carbon atoms; the thermostabilizing mutations
are represented as pink spheres. Residues 261-266 are unmodelled in the PDB
structure and are represented as a dashed line. B Total released linear 6-AHA
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oligomers following PA6 film depolymerization reactions with either 1uM NylCy or
1uM NyICk-TS and 13 mg PA6 (0.08 mM enzyme/g PA6, 0.65 wt% substrate load-
ing), at the temperature where the highest depolymerization extent was seen
(reactions conducted from 40 to 80 °C). The gray inset graph is an expansion of the
early time points taken during the reaction. Reactions were carried out in triplicate
(n=3), error bars represent the standard deviation of the replicate measurements,
and the error bar centers are the mean of the replicate measurements. Source data
are provided in the Source Data file.

The limited activity of these enzymes was surprising, as the amidases
were among the most active enzymes from the initial screens on N4NB.
However, as the active sites of NfPolyA and its homologs are buried
within the enzyme core, their ability to bind and access amide bonds in
polymer chains is likely more restricted (Supplementary Fig. 18). GatA
and UMG-SP-2 produced the most 6-AHA equivalents (109.6 uM and
126.3 uM, respectively, over 10 days at 40 °C) amongst the amidases
(Fig. 4B), corresponding to 0.2-0.25% PA6 film depolymerization. The
interesting preference of GatA for 6-AHA monomer release is in part due
to its nylon oligomer hydrolysis ability; GatA can hydrolyze linear pro-
ducts, with 67% of 100uM 6-AHA dimer and 100% of 50 uM 6-AHA
trimer hydrolyzed under reaction conditions (pH 7.5 NaPi buffer,
150 mM NaCl, 2 uM GataA, 40 °C) within 24 h (Supplementary Fig. 19A, B),
but it also hydrolyzes cyclic oligomers. GatA completely depletes 6-AHA
cyclic-trimer during PA6 film reactions (Supplementary Fig. 20), with
6-AHA cyclic-dimer also being a substrate for the enzyme (Supple-
mentary Fig. 21A, B), indicating that a proportion of the monomer
release observed is the product of hydrolysis of these surface con-
taminants. Interestingly, UMG-SP-1 also has a preference for monomer
release (Supplementary Fig. 11). UMG-SP-1 is similarly able to hydrolyze
small PA6 oligomers, hydrolyzing both 100 uM 6-AHA dimer and 50 uM
6-AHA trimer to produce a majority 6-AHA monomer product at reac-
tion conditions (pH 7.5 NaPi buffer, 150 mM NaCl, 2 M UMG-SP-1, 40
°C) within 24 h (Supplementary Fig. 18C, D), with 6-AHA cyclic-trimer
also appearing to be a substrate for this enzyme (Supplementary
Fig. 20). Hence, product preference for the amidases does not appear as
consistent as with other enzyme groups tested here, with soluble oli-
gomer distributions following PA6 depolymerizations being highly
enzyme dependent. As with the SHD-hydrolases, the low rates of
depolymerization for all the amidases again currently suggests a surface
modification process rather than significant bulk PA6 depolymerization.

No measurable PA6 depolymerization activity was seen for any of
the proteases or miscellaneous category enzymes tested here (Sup-
plementary Figs. 12 and 13). A possibility is that these enzymes may
cleave polyamides, but release products of a higher molecular weight
than what our analysis method detects. However, a lack of subsequent
depolymerization down to smaller molecular weight oligomers or
monomers suggests that the usefulness of these six enzymes may be
limited.

In-depth characterization of a selection of the best performing
enzymes
We were interested to examine a subset of the best performing
enzymes, including NyICy-TS, Tt-NyIC, and NyIB-SCY, to test if the rate
and extent of PA6 depolymerization could be improved and the mode
of action understood. NyIB™-SCY reactions were carried out at 50 °C, its
highest operating temperature, while NyIC-type enzyme reactions were
conducted at 60 °C to allow fair comparison between homologs. For all
three enzymes, increasing the substrate loading from 0.32-1.6 wt% (one
to five squares of PA6 film, keeping enzyme concentration constant at
1uM enzyme, 100 mM NaPi buffer, pH 7.5, 150 mM NaCl) leads to
greater product release, most likely due to an increase in available
reactive surface area (Fig. 6A). Product distributions remain constant
for both NyICi-TS and NyIB-SCY at all substrate loadings, while the
6-AHA trimer accumulates in Tt-NylC depolymerization reactions.
Increasing enzyme loading (keeping PA6 film mass constant at
13 mg PAG6 film, 0.65 wt% substrate loading, 100 mM NaPi buffer, pH
7.5, 150 mM NaCl), surprisingly, had little effect on total PA6 film
depolymerization (Fig. 6B). 6-AHA equivalent release never surpassed
300 uM under any condition, with improvements in total NylC-TS
depolymerization stalling above 0.1 uM enzyme in the reaction (8 uM
enzyme/g PA6). However, interestingly at low NylCx-TS enzyme load-
ings, where the reaction rate will be slowed, a higher proportion of
6-AHA trimer to pentamer products was observed. A proportion of
NyICy-TS PA6 hydrolysis events may therefore be random, producing
mixed length oligomers that are subsequently hydrolyzed to dimer
and monomer. Slowed oligomer hydrolysis in low enzyme loading
reactions additionally suggests a preference of NylCy-TS for release of
product from the polymer surface over hydrolysis of oligomers in
solution. Reactions with Tt-NylC support this hypothesis as trimer
levels were only reduced at very high enzyme loadings. These trends,
however, are not observed for NyIB-SCY: even at the lowest enzyme
loading, only 6-AHA is produced. As an important consideration for
further application, significantly less NylCy-TS was required to achieve
the highest levels of total depolymerization (0.1uM NyICi-TS, 8 uM
enzyme/g PA6, equivalent to 0.58 mg enzyme/g PA6), compared to
both Tt-NyIC or NyIB-SCY (10 uM enzyme, 0.77 mM enzyme/g PA6,
equivalent to 54.6 mg enzyme/g PA6 and 66.9 mg enzyme g/ PA6, for
Tt-NylC and NyIB’-SCY, respectively).
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Fig. 6 | Exploration of reaction conditions for enzymatic PA6 depolymeriza-
tion. A Total released linear 6-AHA oligomers, represented as 6-AHA monomer
equivalents, in reactions with 1uM NylCx-TS (60 °C), Tt-NylC (60 °C), or NyIB’-SCY
(50 °C), over the course of 10 days, varying the substrate loading from 1to 5
PA6 squares (6.5-32.5 mg PA6, substrate loading of 0.32-1.6 wt%, sq=squares). Pie-
charts represent the proportion of different 6-AHA oligomers measured at that
time point. Reactions were carried out in triplicate (n =3), error bars show the
standard deviation of the replicate measurements, the error bar centers are the
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means of the replicate measurements, and circle, square, and triangle points
represent the mean value of the triplicate measurements. B PA6 depolymerization
reactions with varying enzyme loadings of NylCy-TS (60 °C), Tt-NyIC (60 °C), or
NylIB’-SCY (50 °C). Reactions contained 13 mg PA6 substrate (0.65 wt% substrate
loading) and were monitored for 10 days. Reactions were carried out in duplicate
(n=2), and the replicate measurements are represented as gray circles. For all data
in panels A and B, the reaction buffer consisted of 100 mM NaPi buffer, pH 7.5,
150 mM NaCl. Source data are provided in the Source Data file.

Variation of reaction pH from pH 6-10 (1uM enzyme and 13 mg
PA6, 0.08 MM enzyme/g PA6, substrate loading 0.65wt%, 100 mM
buffer, 150 mM NaCl) also did not elicit higher levels of PA depoly-
merization; however, it did reveal differences in pH tolerance amongst
the three enzymes (Supplementary Fig. 22). NylCx-TS was mostly
unaffected by pH changes, with Tt-NyIC being similarly pH-robust with
drops in activity only seen at the extremities of the pH range tested.
Conversely, NyIB-SCY is particularly sensitive to pH changes: pH 7 is
optimal with significant decreases in activity either side of this, and
complete deactivation from pH 9-10.

Examination of the reaction profile of NyICx-TS

We next sought to identify what was limiting the enzymatic depoly-
merization of PA6 and causing the observed asymptotic reaction
profiles, using the most active enzyme, NylCy-TS, as the test case. We
identified slight crystallinity increases in the PA6 substrate in no

enzyme control reactions in reaction buffer (100 mM NaPi buffer, pH
7.5,150 mM NaCl) at 70 °C (maximum 3.2% increase in crystallinity by
DSC over 10 days), hence, reactions were carried out at 60 °C where
this effect was less noticeable (maximum 0.2% increase in crystallinity
by DSC over 10 days) (Supplementary Table 1, Supplementary Fig. 23).
Reactions contained 1uM of enzyme and 13 mg of PA6 (0.08 mM
enzyme/g PA6, substrate loading of 0.65 wt%), in 100 mM pH 7.5 NaPi
buffer and 150 mM NaCl. To rule out effects of incubation-induced PA6
changes during the reaction, we conducted NylCi-TS depolymeriza-
tions using PA6 film incubated in reaction buffer at 60 °C for either
three or seven days prior to enzyme addition. As there was no sig-
nificant difference between the product release of pre-incubated PA6
film versus non-incubated PA6, this effect could be discounted (Sup-
plementary Fig. 24A).

Interestingly, including bovine serum albumin (BSA) in reactions
allows for the same level of PA6 depolymerization with 100-fold less
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Fig. 7 | Exploration of PA6 depolymerization plateau using NyIC-TS as a

test case. A Total released linear 6-AHA oligomers following PA6 film depolymer-
ization reactions (13 mg PA6, 0.65 wt% substrate loading), using either 0.01uM or
1pM NylCy-TS enzyme alone (0.8 uM enzyme/g PA6 or 0.08 mM enzyme/g PA6,
respectively) compared to a reaction containing 0.01uM NyICy-TS supplemented
with 0.5 uM bovine serum albumin (BSA) over the course of 10 days. B Total
released linear 6-AHA oligomers in reactions with 1 uM NyIC-TS and 13 mg PA6
(0.08 mM enzyme/g PA6, 0.65 wt% substrate loading), where the reaction was
either allowed to progress for 13 days with no interruption (Normal reaction),
where fresh enzyme was added to the reaction after three days (1uM NyIC-TS, +
Fresh enzyme), or where fresh substrate was added to the reaction after 3 days
(13 mg PAG6, + Fresh substrate), and the reactions monitored for a further 10 days.
For (A) and (B), circle, square, and triangle points represent the mean value of the
replicate measurements, error bars represent the standard deviation of the

replicate measurements, and the error bar centers are the means of the replicate
measurements. C PA6 depolymerization reactions with 1 uM NylCy-TS and 13 mg
PA6 (0.08 mM enzyme/g PA6, 0.65 wt% substrate loading), with either low crys-
tallinity Goodfellow film (13.2% crystallinity by DSC), or high crystallinity PA6 film
(23.0% crystallinity by DSC). Replicate measurements are represented as gray cir-
cles. For (A)-(C), reactions were carried out in triplicate (n = 3), error bars represent
the standard deviation of the replicate measurements, and the error bar centers are
the means of the replicate measurements. D SEM images of PA6 films (13 mg)
incubated either without enzyme (no enzyme) or with 1M NyIC-TS (0.08 mM
enzyme/g PA6, 0.65 wt% substrate loading). Additional images are shown in Sup-
plementary Fig. 27. Scale bar, 100 um. For (A)-(D), all reactions were carried out in
reaction buffer: 100 mM sodium phosphate buffer (NaPi), pH 7.5, 150 mM NaCl at
60 °C. Source data are provided in the Source Data file.

enzyme loading (0.01uM NyICy-TS, 0.8 uM enzyme/g PA6, substrate
loading of 0.65wt%, 0.5uM BSA, 100 mM NaPi buffer, 150 mM NacCl,
pH 7.5, 60 °C, Fig. 7A, Supplementary Fig. 24B). Increasing the con-
centration of BSA in PA6 deconstruction assays (from 0.5 to 2uM),
does not promote additional depolymerization, indicating that BSA is
not promoting further PA6 hydrolysis, but is instead acting to enhance
NyICk-TS specific activity (Supplementary Fig. 24B). Additional evi-
dence for this is that the promotion of activity only occurs at lower
NyICi-TS concentrations (0.01uM enzyme), with addition of BSA to
reactions containing 1uM NylCy-TS leading to no additional benefit
(Supplementary Fig. 24C). As BSA is known to prevent non-specific
binding in reactions, we believe these findings suggest that the activity
of NylCx-TS may be substantially impacted by non-productive PA6
binding events. Alternatively, BSA may coat the reaction vessel, redu-
cing enzyme adsorption to these surfaces, hence promoting mass

transfer of NylC-TS to the polymer surface. More extensive explora-
tion of this phenomenon may be necessary to help guide future NylCy-
TS engineering efforts or may suggest new ways to promote faster or
additional PA6 depolymerization.

Reaction progress was not recovered by supplementation with
fresh NyICi-TS after either three or seven days of enzyme reaction
(Fig. 7B, Supplementary Fig. 24D). However, addition of new PA6
substrate (13 mg) to a NylCx-TS depolymerization reaction that had
been running for three days (the start of reaction plateau), led to
additional product release of a similar magnitude as from the original
substrate, with the same relationship seen after substrate addition to a
seven-day reaction (Fig. 7B, Supplementary Fig. 24D). Reaction profiles
following new substrate addition match 6-AHA equivalent release seen
in standard reactions like those shown in Figs. 5 and 6, indicating that
NylICk-TS retains almost full activity after both three and seven days of
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reaction at 60 °C, and that there are no inhibitory compounds present
which could explain reaction stalling. Characterization of the PA6 films
by GPC suggests that there were no extensive changes in the number
average molar mass (M,) or molar mass dispersity (D) of the PA6
polymer chains following 10 days of enzyme incubation with NylC,-TS
at any temperature (Supplementary Table. 3, Supplementary Fig. 25A).
There were also no significant differences in the percentage crystal-
linity of the PA6 substrate incubated with or without enzyme over the
course of 10 days, as measured by DSC (Supplementary Fig. 25B). As a
note, TGA analysis revealed that the PA6 film absorbed an average of
1.9 wt% water following 10 days incubation in reaction buffer across all
temperatures (no enzyme controls), and there was no noticeable dif-
ference in substrate water absorption in reactions with NylCi-TS
(average of 1.7 wt% across all temperatures) (Supplementary Table. 3,
Supplementary Fig. 25C).

Taken together, these results suggest that the reaction plateau for
NyIC-TS is a consequence of lack of remaining hydrolysable substrate
for this enzyme following 10 days of reaction. Furthermore, typically
for more extensive enzymatic plastic depolymerizations, both rate and
extent of deconstruction are highly sensitive to substrate
crystallinity®’. However, for PA6 depolymerization with NyIC-TS,
using a more crystalline PA6 film substrate (23.0% crystallinity by DSC,
prepared in house, full material characterization in Supplementary
Table 1, Supplementary Fig. 26), leads to a comparable amount of
6-AHA equivalents release compared to reactions with the Goodfellow
film that is more amorphous (13.2% crystallinity by DSC, Fig. 7C).
Hence, we can conclude that NylC-TS is likely only working on a small
amount of accessible nylon polymer on the film surface, and so does
not reach the depolymerization extents at which substrate crystallinity
would play a role in reaction progression. Indeed, SEM images of PA6
incubated with NylC-TS (1uM enzyme, 0.08 mM enzyme/g PA6,
0.65 wt% substrate loading, 100 mM pH 7.5 NaPi buffer, 150 mM NaCl,
60 °C, 10 days), reveal a slight surface roughening, but no significant
pits or features that are commonly associated with more extensive
biocatalytic polymer deconstruction (Fig. 7D, Supplementary
Fig. 27)°%¢. As these results indicate a surface area-limited process, we
attempted to alter the surface area of the available PA6 substrate whilst
retaining the same mass. Typically, this is done by using a powdered
substrate; however, we found that enzymatic assays with PA6 powder
(sourced from Goodfellow, particle size: 5-50 um, full material char-
acterization detailed in Supplementary Table 3) were very difficult to
standardize due to reaction volume changes over the course of incu-
bation (Supplementary Fig. 28). Additionally, the powder exhibited a
high crystallinity (47.6% crystallinity by DSC), which may be undesir-
able. Hence, we conducted assays using the same mass of a thicker PA6
film (PA6 thick film, 0.5mm thickness, 13 mg = two 0.32 x0.32cm
squares, sourced from Goodfellow, full material characterization
detailed in Supplementary Table 3), representing a ~ 50% reduction in
PAG6 surface area in each reaction compared to our standard 0.2 mm
thickness film. Using the PA6 thick film, product release proceeded at a
slower rate, with 34% fewer 6-AHA oligomers released over the course
of 10 days, compared to the standard PA6 film (1uM of enzyme,
0.08 mM enzyme/g PA6, 0.65wt% substrate loading, 100 mM pH 7.5
NaPi buffer, 150 mM NaCl, 60 °C, Supplementary Fig. 29), confirming
that surface area is indeed a factor controlling both rate of reaction
and extent of depolymerization.

Discussion

There is increasing interest in expanding the successes of enzymatic
PET deconstruction to other plastics including nylon?*7%57%% To
effectively accomplish this requires both candidate enzymes to
underpin the discovery, engineering, and evolution of improved
enzymes, and suitable analytical methods. Using a high-throughput
LC-MS/MS-based analysis strategy, we explored the PA6 deconstruc-
tion capacity of a diverse panel of potential nylonases, including

candidates not previously examined for PA6 hydrolysis. We demon-
strate that enzymes from a wide variety of sources exhibit sparing
abilities to release soluble oligomeric products from a PA6 film.
Enzymes with the canonical Ser-His-Asp catalytic triad and the ami-
dases were shown to exhibit low propensities for PA6 depolymeriza-
tion. Perhaps unsurprisingly, there was little correlation between
the capacity for an enzyme to hydrolyze the soluble N4NB substrate
relative to solid PA6 deconstruction: our findings indicate that
soluble substrates such as N4ANB may be used to indicate poor nylo-
nase activity but are not good indicators of high nylonase performance
on solid PA6. Features necessary for plastic depolymerization, such as
enzyme-polymer surface binding and release, ability to hydrolyze an
insoluble solid, and potential for the active site to accommodate bulky
polymer chains, tend not to be well captured by soluble substrate
hydrolysis assays, hence, studies of this kind, which accurately identify
potential nylonases on realistic substrates, are vital. Although it is
unlikely that the SHD-hydrolases and amidases studied here are
immediately suitable for a PA6 recycling process, for reasons ranging
from low depolymerization rates, thermal stability, poor expression
levels, and mixed pools of reaction products®***°, they may find use in
fabric industries. Cutinases and amidases have been previously used to
improve the surface qualities of nylon fabric, whilst GatA, an enzyme
initially identified as a polyurethanase, may prove useful for improving
the quality of spun fibers, by hydrolyzing undesirable cyclic nylon
polymerization by-products*’°. Interestingly, many of the nylon-
active cutinases have previously been implicated in PET
hydrolysis?*®""%, with a number also having demonstrated poly-
urethanase and urethanase activity?>¢***7982%4 " indicating that the
cross-reactivity of enzymes may be something that can be exploited to
discover biocatalysts for different plastic deconstruction campaigns in
the future.

Although NyIB-type enzymes have previously reported activity on
various soluble nylon oligomers, we demonstrate that they can act also
on solid PA6, with NyIB-SCY being the most active (highest depoly-
merization extent seen of 0.42wt% PA6 film using 10 uM NyIB’-SCY,
0.77 mM enzyme/g PA6, equivalent to 66.9 mg enzyme/g PA6). The
wide difference in activity between NylB and NyIB’ for PA6 film
hydrolysis was particularly surprising, as NyIB is 200 times more active
for 6-AHA dimer hydrolysis than NyIB*°. With 6-AHA monomer being
the sole product under all conditions, it may be that NyIB-SCY is acting
in exo-type manner, cleaving terminal monomer moieties from the
PAG6 film surface, or that the hydrolysis of released longer oligomers is
too fast to observe. In either case, the release of a homogenous reac-
tion product may be desirable for downstream applications'®, such as
cyclization of 6-AHA to form caprolactam for new nylon
production’*,

The rationally mutated NylCy-TS variant exhibited the highest
extents of depolymerization, indicating that thermostability is indeed
a useful feature for PA6 deconstruction. Introduction of just two
mutations led to an increase in T, of 16.4 °C (NyICk-TS, T,,,=87.1°C),
indicating that the enzyme is highly engineerable. NylCi-TS proved
very stable, being active in reactions up to 80 °C, and retaining activity
after even seven days of reaction at 60 °C, and it also required the
lowest enzyme loadings to achieve the highest levels of PA6 depoly-
merization (0.1uM NylCi-TS, 8uM enzyme/g PA6, equivalent to
0.58 mg enzyme/g PA6), both desirable characteristics of an industrial
biocatalyst. Our analyses indicate that NylCy-TS appears to cleave the
polymer in a non-specific manner, with a mixture of soluble oligomers
initially released before further hydrolysis, likely through a non-
processive mechanism of action. Drawing parallels with PET hydro-
lysis, it may be that enzymatic PA6 deconstruction proceeds via a
combination of endo- and exo-lytic bond cleavages”*%. As NylC-type
enzymes all produced 6-AHA dimer as the major product, if these
biocatalysts are selected for further application, it may be that a two-
enzyme system is needed to further hydrolyze the dimer to create a
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single 6-AHA monomer product. Future enzyme-substrate modeling
and structural studies may help further explain the differences in
activities of the NyIB-type and NylC-type enzymes and shed additional
light on their mode of action. It is most likely that NylC-TS, along with
the other enzymes studied, currently deconstructs only a small
amount of easily accessible polymer, being unable to progress further
once this has been removed, suggesting that a polymer pretreatment
step to encourage further depolymerization may be necessary. Our
experiments additionally suggest that NylCy-TS activity may be sub-
stantially affected by non-productive binding events, indicating that
this may be an important area for further investigation when con-
sidering future enzyme engineering attempts. However, although the
highest percentage depolymerization seen using our most active
enzyme, NylC-TS, was only 0.67 wt% PA6 after 10 days of reaction, the
presence of even a small amount of activity in a very stable scaffold
provides an important stepping stone from which more active PA6
deconstructing biocatalysts can be realized, as has been demonstrated
by the number of successful PETase engineering campaigns following
the discovery of numerous PET-active esterases?*57>7%100,

Overall, our analyses indicate that there is significant work ahead
to progress enzymatic nylon depolymerization. Of the candidates
tested, NylC-type and NylIB-type enzymes appeared to be the most
specific and active, placing them as the scaffolds with the most
potential for enzyme engineering, as has witnessed significant success
in the PETase field”**'°". In particular, the NyICy-TS variant developed
here may be of particular interest, being both highly thermotolerant
and stable over long reaction times. Key characteristics to be targeted
for nylonase enhancement, include increasing thermostability and
catalytic activity, reduction in non-specific binding, and improving
product release specificity. However, given the limited depolymeriza-
tion extents observed, it is likely that development of substrate pre-
processing methods or in situ approaches for improving enzyme
access during the reaction will be necessary to access higher extents of
depolymerization'®. It will be important to assess such processes with
techno-economic analysis and life cycle assessment to confirm their
viability for at-scale beneficial economics and reduced environmental
impacts'®'**, Our study also highlights the need for a more diverse set
of starting enzymes for potential nylonase engineering campaigns as,
unlike the PETase field, there are few obvious candidates from the
currently available literature. Bioprospecting, metagenomic screening,
and computational enzyme discovery methods may all offer avenues
to different biocatalysts with more suitable PA6 deconstruction
characteristics™*'1%, Such methods, however, should be under-
pinned by rigorous characterization of enzyme activity on solid PA6,
with the LC-MS/MS analysis developed here offering a comprehensive
method of assessment for soluble products. In addition, the analytics
showcased here could also be expanded to include the deconstruction
products of alternative nylon formulations, such as PA6,6, to expand
the repertoire of PA-depolymerizing enzymes even further. We are
hopeful that the insight offered by our analyses highlight some of the
challenges to be overcome and necessary improvements needed to
create a viable PA6 biocatalytic recycling strategy.

Methods

Materials

PA6 film (0.2 mm thickness, 13.2% crystallinity by DSC, full material
characterization available in Supplementary Table 1, Supplementary
Fig. 3, product ID: AM30-FM-000200), PA6 powder (particle size:
5-50 um, 47.6% crystallinity by DSC, full material characterization
available in Supplementary Table 3, product ID: AM306010), and PA6
thick film (0.5 mm thickness, full material characterization available in
Supplementary Table 3, product ID: AM301400), were sourced from
Goodfellow. As a note, we found small differences between batches of
PAG6 film sourced from Goodfellow (Supplementary Table 4). Crystal-
line PA6 film (0.2 mm thick, 23.0% crystallinity by DSC, full material

characterization available in Supplementary Table 1, Supplementary
Fig. 26) was prepared by cutting up Goodfellow PA6 film into smaller
pieces and drying at 150 °C in a vacuum oven overnight. The pieces
were hot pressed between Teflon sheets at 250 °C for 1min at
1,000 psia. The Teflon/nylon film assembly was then placed on a pre-
heated hot plate at 200 °C under a pre-heated steel block for 10 min.
Finally, the film was dried in a vacuum oven at 200 °C for 2 h. Prior to
use, Goodfellow PA6 film and crystalline PA6 film were cut into
0.5 cmx0.5 cm squares, and Goodfellow thick film was cut into 0.32
x0.32 cm squares. The film squares were then washed in DI water for
3 h at 37 °C, rinsed in DI water once and then dried.

All reagents, chemicals and buffer components were sourced
from Sigma-Aldrich, unless specified otherwise. HiC was purchased
from Novozymes (Novozym® 51032), subtilisin A, trypsin, papain, and
bovine serum albumin (BSA) from Sigma-Aldrich, and a-chymotrypsin
from Worthington Biochemical, USA. Butyric anhydride was sourced
from TCI chemicals and 1,1,1,3,3,3-hexafluoroisopropanol from Chem
IMPEX. The chemical synthesis of N-(4-nitrophenyl)butanamide
(N4NB) is detailed in Supplementary Fig. 30 and the corresponding 'H
NMR spectrum can be found in Supplementary Fig. 31 (analyzed using
MNova (Mestrelab Research, version 14.0.0))'”".

Enzyme identification and homology searches

Literature searches were conducted to find enzymes with observed
activity on solid PA6, PA6,6, PA6 oligomers, polyurethane (PUR), or
poly(ethylene terephthalate) (PET), considering both scientific reports
and patents, with the enzyme names, sources, groups, and reasons for
selection detailed in Supplementary Data 1. Amino acid sequences for
the selected proteins were taken directly from these reports (Supple-
mentary Data 2). As RoL-WT could not be expressed in E. coli, a pre-
viously described mutant which had previous successful E. coli
expression (RoL10X) was used'®. The Ser-His-Asp (SHD) hydrolase
group of enzymes was selected from our in-house PET hydrolase
library, including two previously reported thermostabilized variants,
LCC-ICCG and HotPETase?**, Homology searches for additional NyIC-
type enzymes and amidases were carried out using UniProt BLAST®®,
with NylC,, and NfPolyA as the input protein sequences. The sug-
gested parameters for UniProt BLAST were used (database: UniProtKB,
E-threshold: 10, Matrix: Auto-BLOSUM62, Hits: 250), with a homology
cut-off of ~50%. From the output sequence homology lists, several
candidates were selected that came from potentially thermophilic
microorganisms. The phylogenetic tree was inferred by using the
Maximum Likelihood method and JTT matrix-based mode, with 1,000
bootstraps'®. The tree with the highest log likelihood (-4629.08) is
shown. Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the JTT model, and then select-
ing the topology with superior log likelihood value. All positions with
less than 90% site coverage were eliminated, i.e., fewer than 10%
alignment gaps, missing data, and ambiguous bases were allowed at
any position (partial deletion option). There was a total of 88 positions
in the final dataset. Evolutionary analyses were conducted in MEGA
X"01 The phylogenetic tree was visualized using the Interactive Tree
of Life (iTOL) online tool'.

Rational mutagenesis of NyICs and NyIB

Rational mutations for increasing the thermostability of NylC, and
NylICx were selected based on positions identified by rational muta-
genesis of NylCp,, for thermostability by Negoro et al.*’. The Negoro
4-point mutant, NylCp,-TS, (NylCy>-D36A/D122G/H130Y,/E263Q) has
anincreased T, of 86.5 °C (30 °C increase over the WT, Supplementary
Fig. 1). As Negoro et al. found that mutating G111 and L137 of NyIC, to
the analogous residues in NylCx and NyIC, (S111 and A137) significantly
decreased thermostability, we hypothesized that the G111 and L137
from NylCp,, may be a more stable configuration of these residues, and
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hence we introduced them into the scaffolds of NylCx and NyICa. In
addition, the E263Q mutation was included in NylC, as this change
additionally increased the thermostability of NyICp, in the context of
D122 and H130, which NylC, already possesses. This gave the ther-
mostabilized variants NyICx-TS (NyICy-S111G/A137L) and NyIC,-TS
(NylCy-SI111G/A137L/E263Q). The NylB mutation was informed by pre-
vious work on the NyIB homolog, NyIB”’. A three point mutant, NyIB"
SCY (NylB’ R187S/F264C/D370Y), had enhanced 6-AHA dimer hydro-
lysis ability as compared to the wild-type NylB’ enzyme, hence, S187/
C264/Y370 were introduced at the analogous positions in NyIB to give
NyIB-SCY. The amino acid sequences for all mutants are presented in
Supplementary Data 2.

Plasmid construction

All protein-encoding genes were codon optimized for expression in E.
coli, and inserted into either pET-21b, pET-28a or pET-29b expression
vectors between Ndel (5" end) and Xhol (3’ end) restriction sites,
dependent on the enzyme, as detailed in Supplementary Data 2. All
vectors contain a hexa-histidine tag coding sequence for downstream
protein purification. Plasmids were initially synthesized by Twist
Biosciences. In-house preparations of the plasmids used in this
studyhave been deposited at AddGene [https://www.addgene.org/
Gregg Beckham/].

Enzyme expression

All enzymes were expressed in chemically competent BL21 (DE3) E. coli
cells. Single colonies of freshly transformed cells were grown at 37 °C
overnight in 5mL of LB medium supplemented with the appropriate
antibiotic for the expression vector (100 pg/mL ampicillin or 25 ug/mL
kanamycin). 2 mL of the resulting culture was used to inoculate 50-
100 mL of 2YT medium containing either 100 ug/mL ampicillin or
25 ug/mL kanamycin, as appropriate. Cultures were grown at 37 °C,
190 rpm, to an ODggo of 1. Protein production was initiated by the
addition of IPTG (final concentration of 0.1 mM), and cultures grown
for a further 20 h at 20 °C. Cells were collected by centrifugation at
3,220 x g for 10 min and stored at —20 °C until purification.

Enzyme purification

Cell pellets were resuspended in lysis buffer (pH 7.5, 50 mM Tris-HCI,
10 mM imidazole, 300 mM NaCl, 1.0 mg/mL lysozyme, 10 ug/mL
DNase) and subjected to sonication. The resulting lysate was clarified
by centrifugation (13,500 x g for 15min) and the soluble fraction
applied to Ni-Nta agarose (Anatrace). Unbound proteins were removed
with lysis buffer, followed by elution of bound proteins with elution
buffer (pH 7.5, 50 mM Tris-HCI, 300 mM imidazole, 300 mM NaCl).
Proteins were the applied to 10DG desalting columns (Bio-Rad) and
eluted in reaction buffer (100 mM sodium phosphate buffer (NaPi), pH
7.5, 150 mM NaCl). Protein purity was confirmed by SDS-PAGE, with
concentrations determined by 280 nm absorbance readings, assuming
extinction coefficients detailed in Supplementary Data 2. Protein yields
for enzyme purification from a 100 mL E. coli culture are detailed in
Supplementary Data 1.

Enzyme thermostability analysis

The thermostabilities of the NyIC-TS variants were determined using
differential scanning fluorimetry (DSF). For each protein, a 5uM
sample of protein was prepared in reaction buffer and SYPRO Orange
dye (provided at a 5000X concentration from the manufacturer),
added to a final concentration of 10X. DSF was carried out using a
Bio-Rad CFX Connect 96-Real Time PCR system, using the FRET
channel for excitation and emission settings, and CFX Manager
(version 2.0) for data collection. The temperature was increased with
an increment of 0.3°C/s from 25 °C to 95 °C. The T, was then
determined from the peak of the first derivative of the melt curve
from three replicate measurements.

Screening for activity on NANB

Activity screens on N-(4-nitrophenyl)butanamide (N4NB) were con-
ducted as follows: a reaction mixture of 500 uM N4NB in reaction
buffer (100 mM NaPi, pH 7.5, 150 mM NaCl) was arrayed in a 96-well
plate. To initiate the reaction, 2 uM of each enzyme was added, the
plate sealed with optically clear film, and the release of p-nitroaniline
(pNA) followed by change in absorbance at 410 nm monitored using a
Biotek Synergy HT plate reader over the course of 24 h at 30 °C. The
concentration of pNA was determined by constructing a calibration
curve. Enzyme reactions were carried out in triplicate.

Quantitation of soluble PA6 oligomers by UHPLC-MS/MS oper-
ating in dynamic multiple reaction monitoring mode (dMRM)
An analysis method was developed for the quantitation of products
from enzymatic deconstruction of PA6 utilizing ultra-high pressure
liquid chromatography tandem mass spectrometry (UHPLC-MS/MS).
This method employs reverse phase chromatography and dynamic
multiple reaction monitoring (dIMRM) in positive ion mode using
electrospray ionization (ESI) (published on protocols.io, Method 1:
[https://doi.org/10.17504/protocols.io.kxygx331dg8j/vl], Method 2:
[https://doi.org/10.17504/protocols.io.6qpvr3k92vmk/v1])**™,  Stan-
dards were sourced commercially from Sigma Aldrich, Advanced
ChemBlocks, and Toronto Research Chemicals. Commercial standards
could not be sourced or readily synthesized for 6-AHA tetramer, 6-AHA
pentamer, and 6-AHA cyclic-trimer but were still monitored for and
quantified from similarly structured compounds, as detailed below. By
weight, individual stock standards of all available analytes were pre-
pared at a concentration of 2000 pg/mL using ultrapure water as a
diluent. The stock solutions were combined and diluted with ultrapure
water to a final concentration of 10 ug/mL. From this mixed standard
working solution, a ten-point calibration curve with a quantitation
range of 0.01 to 7.0 ug/mL was prepared. A calibration verification
standard (CVS) was made at a concentration of 1.0 ug/mL. To check
that the linear PA6 oligomers were stable in incubated, buffered
solutions, 10 pg/mL of 6-AHA, 6-AHA dimer and 6-AHA trimer chemical
standards were incubated individually in reaction buffer (100 mM NaPi
buffer, pH 7.5, 150 mM NacCl) at 40-80 °C for 10 days, with samples
quenched in MeOH (1 volume sample: 4 volumes methanol), as for
enzyme containing reactions. There was no measurable turnover of
any of the standards to alternative products, indicating that any
changes in linear oligomer concentrations during reactions can be
attributed to enzyme action (Supplementary Table 2). Cyclic oligomers
can also be considered stable in incubated buffered solutions, as
demonstrated in Supplementary Fig. 5B.

Sample and standards were analyzed using an Agilent 1290 series
UHPLC system coupled to an Agilent 6470 triple quadrupole mass
spectrometer. lonization was achieved using the Agilent Jet Stream
electrospray source operated in positive ionization mode. Optimiza-
tion of the dMRM transitions for all compounds was executed prior to
analysis using authentic standards when available. An enzymatically
degraded PA6 sample was used to optimize for the compounds of
interest that could not be commercially sourced. Confirmation of the
presence of these analytes was performed using high resolution mass
spectrometry ESI (HR-MS-ESI). This optimization determined the
quantifying and qualifying transitions along with corresponding colli-
sion energies and fragmentor voltages (Supplementary Table 5). Data
acquisition was conducted using Mass Hunter Data Acquisition soft-
ware (Agilent, version 10.1).

Initial samples were analyzed with a seven-minute analyte elution
protocol (Method 1, analysis method used for data presented in Sup-
plementary Figs. 10, 11, and 13)"°. Method 1 consisted of sample and
standards injected at a volume of 0.5 uL onto a Phenomenex Kinetex
2.1 mmx100 mm, 1.7 ym C18 column held at constant temperature of
40 °C. Chromatography was achieved using mobile phases comprised
of (A) 0.1% formic acid in ultrapure water and (B) 0.1% formic acid in
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methanol. The gradient program was as follows: =0 min (A) =99%
and (B)=1%; t=1min (A)=99% and (B)=1%; t=4 min (A) =50% and
(B) =50%; at t=5 min (A) =20% and (B) = 80% returning to initial con-
ditions at t=6 min and holding for 1 minute for a total run time of
7 min. Method 1 was subsequently optimized for a faster run-time of
three minutes to give method 2 (analysis method used for all other
data presented)®’. Method 2 employed an injection volume of 0.5 uL
onto an Agilent Zorbax Eclipse Plus C18 Rapid Resolution HD column
(2.1 x50 mm, 1.8 um) held at 40 °C. The same mobile phases were
utilized as in method 1 for the following gradient: ¢ =0 min (A) =99%
and (B) =1%; t=0.5min (A) =99% and (B) =1%; t=0.51min (A) =80%
and (B) =20%; at t=2min (A)=35% and (B) = 65% returning to initial
conditions at ¢=2.01minutes and holding for a total run time of
3 minutes. The ESI source parameters for both conditions were iden-
tical and optimized as follows; capillary voltage 3 kV, nozzle voltage
0kV, drying gas temperature 300 °C, drying gas flow 7 L/min, sheath
gas temperature 350 °C, sheath gas flow 11L/min, and lastly the ESI
nebulizer pressure was set to 35 psi. Analysis was executed using Mass
Hunter Quantitative Analysis for QQQ (Agilent, version 10.1). All cali-
bration curves had an r? coefficient of > 0.995 with a quadratic curve fit.
Quantitation for 6-AHA tetramer and pentamer was performed using
the calibration curve from 6-AHA trimer, and 6-AHA cyclic-trimer used
the calibration curve from 6-AHA cyclic-dimer. A CVS was injected at
least every 20 samples to monitor for instrument drift. An acceptable
CVS recovery was determined to be + 15% of expected concentration.
Samples were prepared by a dilution in methanol at a minimum dilu-
tion factor of five to facilitate precipitation of buffer salts, to reduce
ion suppression and interferences in the source.

Screening for enzyme activity on PA6 film

The initial activity screens on PA6 films for all enzymes were carried
out as followed: reactions contained two squares of PA6 film (13.19 mg
+ 0.13 mg PA6, calculated by weighing six pairs of squares and taking
the average mass) in reaction buffer (100 mM NaPi buffer, pH 7.5,
150 mM NacCl). 2uM of enzyme was added to initiate the reaction,
giving an enzyme substrate loading of 0.15 mM enzyme/g PA6 film and
a substrate loading of 0.65 wt%. Reactions were carried out in triplicate
at 40, 50, 60, and 70 °C over the course of 10 days at 180 rpm, with
samples taken at 24, 72, 168, and 240 hs. For the comparison of NyICy
and NylCk-TS reactions were caried out with 1uM enzyme and 13 mg
PA6 and incubated at 40-80 °C (0.08 mM enzyme/g PA6, 0.65 wt%
substrate loading) with additional time-points taken in the early phase
of the reaction. For the characterization of the best performing
enzymes, reactions were conducted at 50 °C for NyIB’-SCY and 60 °C
for Tt-NylC and NyICy-TS to maximize reaction yield while avoiding
potentially confounding effects of thermally induced PA6 crystal-
lization observed at higher temperatures. Reactions with variable
enzyme or substrate loadings were also carried out in an analogous
manner to the initial activity screens with the following changes: for
variable enzyme loadings, enzyme concentration was varied from
0.005 uM up to 10 uM per reaction using two squares of PA6 film as the
substrate (13 mg), while for changing substrate loadings, 1uM of
enzyme was applied to one to five squares of PA6 film per reaction. For
reactions with changing pHs, all buffers were made to 100 mM and
supplemented with 150 mM NaCl, using citrate buffer at pH6, NaPi
buffer at pH 7-8 and glycine-OH buffer from pH 9-10, and each reaction
contained 1uM of enzyme and two squares of PA6, equating to a final
reaction composition of 0.08 mM enzyme/g PA6 film and a substrate
loading of 0.65 wt%. Immediately following sampling, all time point
samples were quenched in MeOH (1 volume sample: 4 volumes
methanol) to denature any active enzyme, filtered using a 0.22 pM
PVDF filter plate to remove any solids, and stored at 4 °C prior to
analysis. The extent of PA6 film depolymerization by mass was calcu-
lated from the release of soluble PA6 depolymerization products as
determined by LC-MS/MS.

For the crude cell lysate-based assay, a 50 mL NylCy-TS expressing
E. coli cell culture was first prepared as above. Following sonication of
the resulting cell pellet in lysis buffer, the lysate was clarified by
incubation at 60 °C for 30 mins prior to centrifugation. The crude cell
lysate was compared to purified NylCx-TS by SDS-PAGE (Supplemen-
tary Fig. 6). PA6 deconstruction reactions were then carried out in an
analogous manner to those containing purified protein, using 100 pL
of the crude cell lysate preparation as the biocatalytic agent.

Activity assays with nylon oligomers

Activity assays with 6-AHA dimer, 6-AHA trimer and 6-AHA cyclic-
dimer were carried out as follows: 50 uM of 6-AHA trimer, 100 uM
6-AHA dimer or 100 uM 6-AHA cyclic-dimer were placed in reaction
buffer, pH 7.5 NaPi, 150 mM NaCl. Reactions were initiated by addition
of 2 uM enzyme and incubated at the optimal reaction temperature of
the described enzyme. Reactions were monitored over the course of
24 h. No enzyme controls showed no detectable hydrolysis of either
6-AHA trimer, 6-AHA dimer or 6-AHA cyclic-dimer over 24 h at reaction
conditions.

Characterization of NyICk-TS activity

For additional characterization of NylCy-TS activity, reactions con-
tained 1uM enzyme and two squares of PA6 film in reaction buffer and
were incubated at 60 °C unless otherwise stated, giving a final reaction
composition of 0.08 mM enzyme/g PA6 film and a substrate loading of
0.65 wt%. Crystalline and thick film PA6 reactions were carried out in
the same manner using the same mass of the alternative films as the
reaction substrates (13 mg, 2 squares of 0.5 cmx0.5cm and 2 squares
of 0.32cmx0.32 cm, for the crystalline film and thick film, respec-
tively). For reactions with pre-incubated substrate, two PA6 film
squares were incubated in reaction buffer for either three or seven
days, prior to addition of 1uM enzyme. For reactions with fresh
enzyme added, a NylC-TS activity assay was carried out for either
three or seven days with a time-point sample taken for analysis at the
end of reaction, the PA6 squares were removed, sonicated in DI water,
rinsed and placed in fresh reaction buffer, 1uM of fresh enzyme was
then added and the reaction allowed to progress with additional pro-
duct formed added to the value of the time-point sample taken at the
end of the first reaction. For reactions with fresh PA6 substrate added,
a NylCy-TS activity assay was carried out for either three or seven days
with a sample taken for analysis of Ty, two new squares of PA6 were
then added to the same reaction and reaction progress monitored
further. For reactions with bovine serum albumin (BSA), reactions
contained 0.01 uM NyIC,-TS, two squares of PA6 film (0.8 uM enzyme/
g PAG6 film and a substrate loading of 0.65 wt%) and 0.5 to 2 mM BSA.

PAG6 substrate characterization

PAG6 substrates were prepared as follows: in their unmodified state, as
obtained from the manufacturer, or as prepared in-house; washed
state, following washing in DI water prior to reactions; or their incu-
bated state where PA6 substrates were incubated in reaction buffer
under the same conditions as an enzymatic assay from 40-70°C
(Supplementary Fig. 3). Substrates were also assessed after enzyme
reactions, following incubation with 1 uM NyIC-TS at 60 °C for 10 days.
Prior to analysis, other than the unmodified substrates, all samples
were rinsed in DI water to remove salts and enzymes. All substrates
were then dried for 4 h at 50 °C to remove residual water. The thermal
stability of nylon samples was assessed by thermogravimetric analysis
(TGA) using a Discovery TGA 5500 (TA Instruments). For each run, 6-
10 mg of polymer sample was placed in a platinum TGA pan. Samples
were heated under nitrogen from ambient temperature to 200 °C at a
rate of 4 °C/min, then from 200 °C to 800 °C at a rate of 20 °C/min.
TRIOS software (TA Instruments, v5.1.1.46572) was used to character-
ize the onset temperature of polymer degradation (Tpso) and the
weight percent of residual char at 800 °C. The mass percent loss and
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temperature of the derivative maximum were determined for each
mass loss event.

Differential scanning calorimetry (DSC) was used to measure the
thermal properties and crystallinity of unmodified and treated nylons.
Samples were dried at 40 °C for 24 h in a vacuum oven to remove
absorbed water immediately prior to analysis®®. DSC measurements
were performed on a Discovery X3 Differential Scanning Calorimeter
(TA Instruments) using 4-8 mg of sample in hermetically sealed alu-
minum pans (DSC Consumables). Each DSC run consisted of two
heating and cooling cycles between 0 °C and 290 °C at a rate of 10 °C/
min with 5min isothermal holds between each heating and cooling
ramp. The glass transition temperature (7), melting temperature (T,,,),
enthalpy of melting (4H,,), crystallization temperature (7.), tempera-
ture of cold crystallization (7.), and enthalpy of cold crystallization
(4H,) for each sample was determined when applicable with TRIOS
software (Universal Analysis, v5.4.0.300). Integration bounds and
baselines were determined following the procedure described by
Khanna and Kuhn®. The following equation was used to calculate
percent crystallinity, where 4H,,,°, the reference enthalpy of melting, is
230.1)/g for nylon-6"*.

AH,, — AH,
AN

m

% Crystallinity = ( > 100%

Gel permeation chromatography (GPC) with multi-angle light
scattering (MALS) and differential refractive index (dRI) detectors
was used to measure the weight average molar mass (M,,), number
average molar mass (M), and molar mass dispersity (P) values of
PA6 samples. Samples were dissolved in 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP) with 20 mM of sodium trifluoroacetate
(NaTFAc) at a concentration of ~ 5mg/mL, then filtered through
0.2 um PTFE syringe filters (Agilent). GPC was conducted using a 1260
Infinity II LC system (Agilent), three PL HFIPgel 250 x 4.6 mm col-
umns, and a matching guard column (Agilent). HFIP supplemented
with 20 mM NaTFAc was used as the mobile phase at a flow rate of
0.35 mL/min. Due to HFIP’s viscosity, the HPLC column oven was
heated to 40 °C to decrease column backpressure. An Optilab T-Rex
refractive index detector (Wyatt Technology) and miniDawn TREOS
MALS detector (Wyatt Technology) were attached in line. M,, M,
and D were calculated with ASTRA (Wyatt Technologies, version
8.2.0), using 0.2375 as the dn/dc of PA6 in HFIP (Wyatt Technologies
Database of dn/dc values).

SEM analysis

SEM analysis was carried out on PA6 films incubated with or without
1uM NylIC-TS at 60 °C for 10 days. Samples were analyzed by scanning
electron microscopy (SEM) on a Hitachi S-4800 High Resolution
scanning electron microscope in low- and high-magnification modes at
electron voltage = 10 kV, current = ~7 amps, and working distance =
4 mm. Prior to imaging, the samples were coated with a thin layer
(10 nm) of Ir using a Cressington plasma sputter-coater (208-HR)
under inert (Ar) atmosphere and mounted on an aluminum stage with
double-sided C and Cu tapes. Image processing was conducted via
publicly available software ImageJ2 (NIH).

Data visualization

Graphs within the main manuscript and Supplementary Information
were created using Microsoft Excel (version 16.80), molecules were
drawn using ChemDraw 20.1, and protein structures were visualized
using USCF Chimera (version 1.10.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available in the main
manuscript and Supplementary Information. Source Data for the fig-
ures in the main text are provided in the Source Data file. Data are also
available from the corresponding author upon request. Genetic
expression constructs for the enzymes expressed in the study have
been deposited at AddGene [https://www.addgene.org/Gregg_
Beckhamy/]. Protocols for the described LC-MS/MS analysis methods
have been deposited on protocols.io (Method 1: [https://doi.org/10.
17504/protocols.io.kxygx331dg8j/vl], Method 2: [https://doi.org/10.
17504/protocols.io.6qpvr3k92vmk/v1]. The UniProtKB database used
for homology searches is available from the UniProt website [https://
www.uniprot.org/blast]. PDB 3AXG, used as the scaffold structure for
visualizing NylC-TS, is available from the Protein Data Bank [https://
doi.org/10.2210/pdb3AXG/pdb]. Source data are provided with
this paper.

References

1. British Plastics Federation. Nylons (polyamide). Plastipedia (2023).

2. Nicholson, S. R., Rorrer, N. A., Carpenter, A. C. & Beckham, G. T.
Manufacturing energy and greenhouse gas emissions associated
with plastics consumption. Joule 5, 673-686 (2021).

3. Hirschberg, V. & Rodrigue, D. Recycling of polyamides: processes
and conditions. J. Polym. Sci. 61, 1937-1958 (2023).

4. Sheldon, R. A. & Norton, M. Green chemistry and the plastic pol-
lution challenge: towards a circular economy. Green. Chem. 22,
6310-6322 (2020).

5. Ellis, L. D. et al. Chemical and biological catalysis for plastics
recycling and upcycling. Nat. Catal. 4, 539-556 (2021).

6. Tonsi, G., Maesani, C., Alini, S., Ortenzi, M. A. & Pirola, C. Nylon
recycling processes: a brief overview. Chem. Eng. Trans. 100,
727-732 (2023).

7. DOMO. Technyl® 4EARTH®. DOMO Chemicals (2023).
8. Bureo. Nets to decks. Bureo (2023).

9. Aquafil. Econyl® - the process. Aquafil (2023).

10. BASF. Ultramid® Ccycled®. BASF (2023).

1.  Alberti, C., Figueira, R., Hofmann, M., Koschke, S. & Enthaler,

S. Chemical recycling of end-of-life polyamide 6 via ring closing
depolymerization. ChemistrySelect 4, 12638-12642 (2019).

12.  Kamimura, A. & Yamamoto, S. A novel depolymerization of
nylons in ionic liquids. Polym. Adv. Technol. 19, 1391-1395
(2008).

13.  Hong, M. & Chen, E. Y. X. Chemically recyclable polymers: a cir-
cular economy approach to sustainability. Green. Chem. 19,
3692-3706 (2017).

14.  Wursthorn, L. et al. Selective lanthanide-organic catalyzed depo-
lymerization of nylon-6 to e-caprolactam. Angew. Chem. Int. Ed.
62, €202212543 (2023).

15.  Kumar, A. et al. Hydrogenative depolymerization of nylons. J. Am.
Chem. Soc. 142, 14267-14275 (2020).

16.  Mihut, C., Captain, D. K., Gadala-Maria, F. & Amiridis, M. D. Review:
Recycling of nylon from carpet waste. Polym. Eng. Sci. 41,
1457-1470 (2001).

17.  Vollmer, I. et al. Beyond mechanical recycling: giving new life to
plastic waste. Angew. Chem. Int. Ed. 59, 15402-15423 (2020).

18. Coates, G. W. & Getzler, Y.D. Y. L. Chemical recycling to monomer
for an ideal, circular polymer economy. Nat. Rev. Mater. 5,
501-516 (2020).

19. Martin, A. J., Mondelli, C., Jaydev, S. D. & Pérez-Ramirez, J. Cata-
lytic processing of plastic waste on the rise. Chem 7,

1487-1533 (2021).

20. Wei, R. et al. Possibilities and limitations of biotechnological
plastic degradation and recycling. Nat. Catal. 3, 867-871 (2020).

21.  Tournier, V. et al. An engineered PET depolymerase to break down
and recycle plastic bottles. Nature 580, 216-219 (2020).

Nature Communications | (2024)15:1217

14


https://www.addgene.org/Gregg_Beckham/
https://www.addgene.org/Gregg_Beckham/
https://doi.org/10.17504/protocols.io.kxygx331dg8j/v1
https://doi.org/10.17504/protocols.io.kxygx331dg8j/v1
https://doi.org/10.17504/protocols.io.6qpvr3k92vmk/v1
https://doi.org/10.17504/protocols.io.6qpvr3k92vmk/v1
https://www.uniprot.org/blast
https://www.uniprot.org/blast
https://doi.org/10.2210/pdb3AXG/pdb
https://doi.org/10.2210/pdb3AXG/pdb

Article

https://doi.org/10.1038/s41467-024-45523-5

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Carbios. Carbios to build in France its first-of-a-kind manufactur-
ing plant for fully bio-recycled PET in partnership with Indorama
Ventures. Carbios (2022).

Branson, Y. et al. Urethanases for the enzymatic hydrolysis of low
molecular weight carbamates and the recycling of polyurethanes.
Angew. Chem. Int. Ed. 62, 202216220 (2023).

Tournier, V. et al. Enzymes’ power for plastics degradation. Chem.
Rev. 123, 5612-5701 (2023).

Puiggali, J. Aliphatic polyamides (nylons): interplay between
hydrogen bonds and crystalline structures, polymorphic transi-
tions and crystallization. Polym. Cryst. 4, €10199 (2021).
Adeyemi, S. H., Adewale, O. A. & Ezekiel, F. Hydrolytic degradation
of nylon-6 by Pseudomonas aeruginosa HE858284 isolated from
solid waste dumpsites in Lagos State, Nigeria. J. Nat. Sci. Res. 5,
130-138 (2015).

Almansa, E. et al. Surface hydrolysis of polyamide with a new
polyamidase from Beauveria brongniartii. Biocatal. Bio-
transformation 26, 371-377 (2008).

Chonde, S. G., Chonde, S. G., Bhosale, P., Nakade, D. B. & Raut, P.
D. Studies on degradation of synthetic polymer nylon 6 by fungus
Trametes versicolor NCIM 1086. Int. J. Environ. Sci. 2,

2435-2442 (2012).

Deguchi, T., Kakezawa, M. & Nishida, T. Nylon biodegradation by
lignin-degrading fungi. Appl. Environ. Microbiol. 63,
329-331(1997).

Friedrich, J., Zalar, P., Mohorcic, M., Klun, U. & Krzan, A. Ability of
fungi to degrade synthetic polymer nylon-6. Chemosphere 67,
2089-2095 (2007).

Klun, U., Friedrich, J. & Krzan, A. Polyamide-6 fibre degradation by
a lignolytic fungus. Polym. Degrad. Stab. 79, 99-104 (2003).
Mahdi, M. S., Ameen, R. S. & Ibrahim, H. K. Study on degradation of
nylon 6 by thermophilic bacteria Anoxybacillus rupiensis Ir3
(JQ912241). Int J. Adv. Res Biol. Sci. 3, 200-209 (2016).

Oulidi, O. et al. Biodegradation of polyamide 6 by Lysinibacillus sp,
Alcaligene faecalis and Enterococcus faecalis. Clean. Chem. Eng.
3, 100054 (2022).

Sudhakar, M., Priyadarshini, C., Doble, M., Sriyutha Murthy, P. &
Venkatesan, R. Marine bacteria mediated degradation of nylon 66
and 6. Int. Biodeterior. Biodegrad. 60, 144-151 (2007).

Tetsuya, D., Yoshihisa, K., Masaaki, K. & Tomoaki, N. Purification
and characterization of a nylon-degrading enzyme. Appl. Environ.
Microbiol. 64, 1366-1371 (1998).

Tomita, K., Ikeda, N. & Ueno, A. Isolation and characterization of a
thermophilic bacterium, Geobacillus thermocatenulatus, degrad-
ing nylon 12 and nylon 66. Biotechnol. Lett. 25, 1743-1746 (2003).
Negoro, S. et al. Structural basis of the correct subunit assembly,
aggregation, and intracellular degradation of nylon hydrolase. Sci.
Rep. 8, 9725 (2018).

Yasuhira, K. et al. X-ray crystallographic analysis of the
6-aminohexanoate cyclic dimer hydrolase. J. Biol. Chem. 285,
1239-1248 (2010).

Ohki, T. et al. Two alternative modes for optimizing nylon-6
byproduct hydrolytic activity from a carboxylesterase with a 3-
lactamase fold: X-ray crystallographic analysis of directly evolved
6-aminohexanoate-dimer hydrolase. Protein Sci. 18,

1662-1673 (2009).

Acero, E. H. et al. Two-step enzymatic functionalisation of poly-
amide with phenolics. J. Mol. Catal. B Enzym. 79, 54-60 (2012).
Araujo, R. et al. Tailoring cutinase activity towards polyethylene
terephthalate and polyamide 6,6 fibers. J. Biotechnol. 128,
849-857 (2007).

Biundo, A., Ribitsch, D., Syren, P. O. & Guebitz, G. M. Increasing
amide acceptance on a polyester-hydrolyzing enzyme. N. Bio-
technol. 33, S105 (2016).

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Heumann, S. et al. A novel aryl acylamidase from Nocardia farci-
nica hydrolyses polyamide. Biotechnol. Bioeng. 102,

1003-1011 (2009).

Parvinzadeh, M., Assefipour, R. & Kiumarsi, A. Biohydrolysis of
nylon 6,6 fiber with different proteolytic enzymes. Polym. Degrad.
Stab. 94, 1197-1205 (2009).

Silva, C. et al. Engineered Thermobifida fusca cutinase with
increased activity on polyester substrates. Biotechnol. J. 6,
1230-1239 (2011).

Silva, C., Araujo, R., Casal, M., Glbitz, G. M. & Cavaco-Paulo, A.
Influence of mechanical agitation on cutinases and protease
activity towards polyamide substrates. Enzym. Microb. Technol.
40, 1678-1685 (2007).

Silva, C. M. et al. Cutinase - a new tool for biomodification of
synthetic fibers. J. Polym. Sci. Part Polym. Chem. 43,

2448-2450 (2005).

Smith, R., Oliver, C. & Williams, D. F. The enzymatic degradation of
polymers in vitro. J. Biomed. Mater. Res. 21, 991-1003 (1987).
Negoro, S. et al. Three-dimensional structure of nylon hydrolase
and mechanism of nylon-6 hydrolysis. J. Biol. Chem. 287,
5079-5090 (2012).

Silva, C. & Cavaco-Paulo, A. Monitoring biotransformations in
polyamide fibres. Biocatal. Biotransformation 22, 357-360 (2004).
Puetz, H. et al. Validated high-throughput screening system for
directed evolution of nylon-depolymerizing enzymes. ACS Sus-
tain. Chem. Eng. 11, 15513-15522 (2023).

Heumann, S. et al. New model substrates for enzymes hydrolysing
polyethylene terephthalate and polyamide fibres. J. Biochem.
Biophys. Methods 69, 89-99 (2006).

Nagai, K. et al. Enzymatic hydrolysis of nylons: quantification of the
reaction rate of nylon hydrolase for thin-layered nylons. Appl.
Microbiol. Biotechnol. 98, 8751-8761 (2014).

Arnal, G. et al. Assessment of four engineered PET degrading
enzymes considering large-scale industrial applications. ACS
Catal. 13, 13156-13166 (2023).

Wei, R. et al. Mechanism-based design of efficient PET hydrolases.
ACS Catal. 12, 3382-3396 (2022).

Erickson, E. et al. Comparative performance of PETase as a func-
tion of reaction conditions, substrate properties, and product
accumulation. ChemSusChem 15, €202101932 (2021).

Erickson, E. et al. Sourcing thermotolerant poly(ethylene ter-
ephthalate) hydrolase scaffolds from natural diversity. Nat. Com-
mun. 13, 7850 (2022).

Bell, E. L. et al. Directed evolution of an efficient and thermostable
PET depolymerase. Nat. Catal. 5, 673-681 (2022).
Zhong-Johnson, E., Voigt, C. & Sinskey, A. An absorbance method
for analysis of enzymatic degradation kinetics of poly(ethylene
terephthalate) films. Sci. Rep. 11, 928 (2021).

Khanna, Y. P. & Kuhn, W. P. Measurement of crystalline index in
nylons by DSC: Complexities and recommendations. J. Polym. Sci.
Part B Polym. Phys. 35, 2219-2231 (1997).

Thomsen, T. B., Hunt, C. J. & Meyer, A. S. Influence of substrate
crystallinity and glass transition temperature on enzymatic
degradation of polyethylene terephthalate (PET). N. Biotechnol.
69, 28-35 (2022).

Kawai, F. The current state of research on PET hydrolyzing
enzymes available for biorecycling. Catalysts 11, 206 (2021).
Negoro, S. et al. X-ray crystallographic and mutational analysis of
the NylC precursor: catalytic mechanism of autocleavage and
substrate hydrolysis of nylon hydrolase. FEBS J. 290,

3400-3421 (2023).

Gamerith, C. et al. Improving enzymatic polyurethane hydrolysis
by tuning enzyme sorption. Polym. Degrad. Stab. 132,

69-77 (2016).

Nature Communications | (2024)15:1217

15



Article

https://doi.org/10.1038/s41467-024-45523-5

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Parvinzadeh, M. A new approach to improve dyeability of nylon 6
fibre using a subtilisin enzyme. Color. Technol. 125,

228-233 (20009).

The UniProt Consortium. UniProt: the universal protein knowl-
edgebase in 2023. Nucleic Acids Res. 51, D523-D531 (2023).
Yasuhira, K. et al. 6-Aminohexanoate oligomer hydrolases from
the alkalophilic bacteria Agromyces sp. Strain KY5R and Kocuria
sp. Strain KY2. Appl. Environ. Microbiol. 73, 7099-7102 (2007).
Guo, Y., Chen, S., Su, L., Wu, J. & Chen, J. Cloning, expression, and
characterization of polyamidase from Nocardia farcinica and its
application to polyamide modification. Biotechnol. Bioprocess
Eng. 18, 1067-1075 (2013).

Bittner, N. et al. Novel urethanases for the enzymatic decom-
position of polyurethanes. (2020).

Kanbe, T. & Shigeno, Y. New urethanase. (2007).

Asano, Y., Fukuta, Y., Yoshida, Y. & Komeda, H. The screening,
characterization, and use of w-laurolactam hydrolase: a new
enzymatic synthesis of 12-aminolauric acid. Biosci. Biotechnol.
Biochem. 72, 2141-2150 (2008).

Kato, K. et al. Amino acid alterations essential for increasing the
catalytic activity of the nylon-oligomer-degradation enzyme of
Flavobacterium sp. Eur. J. Biochem. 200, 165-169 (1991).

Ohki, T. et al. Crystallization and X-ray diffraction analysis of 6-
aminohexanoate-dimer hydrolase from Arthrobacter sp. KI72. Acta
Crystallogr. Sect. F. Struct. Biol. Cryst. Commun. 61,

928-930 (2005).

Negoro, S., Kakudo, S., Urabe, |. & Okada, H. A new nylon oligomer
degradation gene (nylC) on plasmid pOAD2 from a Flavobacter-
ium sp. J. Bacteriol. 174, 7948-7953 (1992).

Kakudo, S., Negoro, S., Urabe, I. & Okada, H. Nylon oligomer
degradation gene, nylC, on plasmid pOAD2 from a Flavobacter-
ium strain encodes endo-type 6-aminohexanoate oligomer
hydrolase: purification and characterization of the nylC gene
product. Appl. Environ. Microbiol. 59, 3978-3980 (1993).

Maeda, H. et al. Purification and characterization of a biodegrad-
able plastic-degrading enzyme from Aspergillus oryzae. Appl.
Microbiol. Biotechnol. 67, 778-788 (2005).

Martinez, C. et al. Fusarium solani cutinase is a lipolytic enzyme
with a catalytic serine accessible to solvent. Nature 356,
615-618 (1992).

Numoto, N. et al. Structural dynamics of the PET-degrading cuti-
nase-like enzyme from Saccharomonospora viridis AHK190 in
substrate-bound states elucidates the Ca*-driven catalytic cycle.
Biochemistry 57, 5289-5300 (2018).

Furukawa, M., Kawakami, N., Tomizawa, A. & Miyamoto, K. Efficient
degradation of poly(ethylene terephthalate) with Thermobifida
fusca cutinase exhibiting improved catalytic activity generated
using mutagenesis and additive-based approaches. Sci. Rep. 9,
1-9 (2019).

Hajighasemi, M. et al. Screening and characterization of novel
polyesterases from environmental metagenomes with high
hydrolytic activity against synthetic polyesters. Environ. Sci.
Technol. 52, 12388-12401 (2018).

Herrero Acero, E. et al. Surface engineering of a cutinase from
Thermobifida cellulosilytica for improved polyester hydrolysis.
Biotechnol. Bioeng. 110, 2581-2590 (2013).

Borner, T., Srebny, V. & Roothans, N. Enzymatic recycling of
polyurethanes by cutinases. (2022).

Ramirez, K. J., Ingraham, M. A., Bell, E. L., Beckham, G. T., High-
throughput analysis of products from deconstructed nylon-6 by
UHPLC-MS/MS (dMRM). protocols.io https://doi.org/10.17504/
protocols.io.6qpvr3k92vmk/v1 (2024).

Klun, U., Andrensek, S. & Krzan, A. Electrospray mass spectro-
metry determination of linear and cyclic oligomers of polyamide-
6. Polymer 42, 7095-7099 (2001).

85.

86.

87.

88.

89.
90.
91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Payne, C. M. et al. Fungal cellulases. Chem. Rev. 115,

1308-1448 (2015).

Austin, H. P. et al. Characterization and engineering of a plastic-
degrading aromatic polyesterase. Proc. Natl Acad. Sci. Usa. 115,
E4350-E4357 (2018).

Danso, D. et al. New insights into the function and global dis-
tribution of polyethylene terephthalate (PET)-degrading bacteria
and enzymes in marine and terrestrial metagenomes. Appl.
Environ. Microbiol. 84, e02773 (2018).

Radley, E. et al. Engineering enzymes for environmental sustain-
ability. Angew. Chem. Int. Ed. 62, 202309305 (2023).

Bell, E. L. et al. Biocatalysis. Nat. Rev. Methods Prim. 1, 46 (2021).
Woodley, J. M. New frontiers in biocatalysis for sustainable
synthesis. Curr. Opin. Green. Sustain. Chem. 21, 22-26 (2020).
Ronkvist, A. M., Xie, W., Lu, W. & Gross, R. A. Cutinase-catalyzed
hydrolysis of poly(ethylene terephthalate). Macromolecules 42,
5128-5138 (2009).

Gamerith, C. et al. Enzymatic recovery of polyester building
blocks from polymer blends. Process Biochem. 59, 58-64 (2017).
Wei, R. et al. Engineered bacterial polyester hydrolases efficiently
degrade polyethylene terephthalate due to relieved product
inhibition. Biotechnol. Bioeng. 113, 1658-1665 (2016).

Di Bisceglie, F., Quartinello, F., Vielnascher, R., Guebitz, G. M. &
Pellis, A. Cutinase-catalyzed polyester-polyurethane degradation:
elucidation of the hydrolysis mechanism. Polymers 14, 411 (2022).
Turk, S. C. H. J. et al. Metabolic engineering toward sustainable
production of nylon-6. ACS Synth. Biol. 5, 65-73 (2016).

Yeom, S.-J. et al. A synthetic microbial biosensor for high-
throughput screening of lactam biocatalysts. Nat. Commun. 9,
5053 (2018).

Schubert, S. et al. Reaction pathways for the enzymatic degra-
dation of poly(ethylene terephthalate): what characterizes an
efficient PET-hydrolase? ChemBioChem 24, €202200516 (2023).
Wei, R. et al. Biocatalytic degradation efficiency of postconsumer
polyethylene terephthalate packaging determined by their poly-
mer microstructures. Adv. Sci. 6, 1900491 (2019).

Son, H. F. et al. Rational protein engineering of thermo-stable
PETase from Ideonella sakaiensis for highly efficient PET degra-
dation. ACS Catal. 9, 3519-3526 (2019).

Hong, H. et al. Discovery and rational engineering of PET hydrolase
with both mesophilic and thermophilic PET hydrolase properties.
Nat. Commun. 14, 4556 (2023).

Cui, Y. et al. Computational redesign of a PETase for plastic bio-
degradation under ambient condition by the GRAPE strategy. ACS
Catal. 11, 1340-1350 (2021).

Carniel, A., Waldow, V. D. A. & Castro, A. M. D. A comprehensive
and critical review on key elements to implement enzymatic PET
depolymerization for recycling purposes. Biotechnol. Adv. 52,
107811 (2021).

Singh, A. et al. Techno-economic, life-cycle, and socioeconomic
impact analysis of enzymatic recycling of poly(ethylene ter-
ephthalate). Joule 5, 2479-2503 (2021).

Uekert, T. et al. Life cycle assessment of enzymatic poly(ethylene
terephthalate) recycling. Green. Chem. 24, 6531-6543 (2022).
Yoshida, S. et al. A bacterium that degrades and assimilates
poly(ethylene terephthalate). Science 351, 1196-1199 (2016).
Colin, P. Y. et al. Ultrahigh-throughput discovery of promiscuous
enzymes by picodroplet functional metagenomics. Nat. Commun.
6, 1-12 (2015).

Conole, D. et al. Synthesis and methemoglobinemia-inducing
properties of benzocaine isosteres designed as humane rodenti-
cides. Bioorg. Med. Chem. 22, 2220-2235 (2014).

Chow, J. Y. & Nguyen, G. K. T. Rational design of lipase ROL to
increase its thermostability for production of structured tags. Int.
J. Mol. Sci. 23, 9515 (2022).

Nature Communications | (2024)15:1217

16


https://doi.org/10.17504/protocols.io.6qpvr3k92vmk/v1
https://doi.org/10.17504/protocols.io.6qpvr3k92vmk/v1

Article

https://doi.org/10.1038/s41467-024-45523-5

109. Jones, D.T., Taylor, W. R. & Thornton, J. M. The rapid generation of
mutation data matrices from protein sequences. Bioinformatics 8,
275-282 (1992).

10. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X:
Molecular evolutionary genetics analysis across computing plat-
forms. Mol. Biol. Evol. 35, 1547-1549 (2018).

M. Stecher, G., Tamura, K. & Kumar, S. Molecular evolutionary
genetics analysis (MEGA) for macQOS. Mol. Biol. Evol. 37,
1237-1239 (2020).

112. Letunic, . & Bork, P. Interactive Tree Of Life (iTOL) v5: an online
tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 49, W293-W296 (2021).

13. Ramirez, K. J., Ingraham, M. A., Bell, E. L., Beckham, G. T. Analysis
of products from deconstructed nylon-6 by UHPLC-MS/MS
(dMRM). protocols.io https://doi.org/10.17504/protocols.io.
kxygx331dg8j/v1 (2024).

14. Sichina, W. J. DSC as problem solving tool: measurement of per-
cent crystallinity of thermoplastics. In Thermal Analysis, Applica-
tion Note. (PerkinElmer Instruments, 2000).

Acknowledgements

ELB, MAI, KJR, CL, RWC, JEG, EE, and GTB were funded by the U.S.
Department of Energy, Office of Energy Efficiency and Renewable
Energy, Advanced Materials and Manufacturing Technologies Office
(AMMTO) and Bioenergy Technologies Office (BETO). This work was
performed as part of the BOTTLE™ Consortium and was supported by
AMMTO and BETO under contract no. DE-AC36-08G028308 with the
National Renewable Energy Laboratory, operated by Alliance for Sus-
tainable Energy, LLC. ELB and GTB also acknowledge funding from the
U.S. Department of Energy, Office of Science, Biological and Environ-
mental Research Office. GR acknowledges funding from the U.S.
Department of Energy, Office of Energy Efficiency and Renewable
Energy, Bioenergy Technologies Office. We thank Doris Ribitsch and
Georg Guebitz for providing an NfPolyA-containing plasmid construct,
and John McGeehan for helpful discussions.

Author contributions

GTB and ELB conceived of the project and designed the study. ELB
carried out enzyme identification, expression and purification, con-
ducted all assays, and conducted the data visualization. ELB and EE
designed and conducted rational mutagenesis of NylCs. GR contributed
synthesis for chemicals and materials. KJR designed the LC-MS/MS
analysis method and MAI and KJR ran LC-MS/MS-based analytics. CL

characterized the materials used in the study, and RWC conduced SEM
imaging. JEG conducted phylogeny analyses. ELB, GR, and GTB, con-
ducted the data analysis. GTB, JLL, and KHK procured funding. The
manuscript was written by ELB and edited and approved by all authors.

Competing interests
ELB, EE, and GTB have filed a patent application on engineered nylonase
enzymes. All other authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45523-5.

Correspondence and requests for materials should be addressed to
Gregg T. Beckham.

Peer review information Nature Communications thanks Christoffel
Petrus Stephanus Badenhorst and the anonymous reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:1217

17


https://doi.org/10.17504/protocols.io.kxygx331dg8j/v1
https://doi.org/10.17504/protocols.io.kxygx331dg8j/v1
https://doi.org/10.1038/s41467-024-45523-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Natural diversity screening, assay development, and characterization of nylon-�6 enzymatic depolymerization
	Results
	Identification, expression, and amide bond hydrolysis assays of potential nylonases
	Development of a high-throughput solid PA6 depolymerization analysis method by LC-MS/MS
	Assessment of potential nylonases on a solid PA6 substrate
	In-depth characterization of a selection of the best performing enzymes
	Examination of the reaction profile of NylCK-TS

	Discussion
	Methods
	Materials
	Enzyme identification and homology searches
	Rational mutagenesis of NylCs and�NylB
	Plasmid construction
	Enzyme expression
	Enzyme purification
	Enzyme thermostability analysis
	Screening for activity on�N4NB
	Quantitation of soluble PA6 oligomers by UHPLC-MS/MS operating in dynamic multiple reaction monitoring mode�(dMRM)
	Screening for enzyme activity on PA6�film
	Activity assays with nylon oligomers
	Characterization of NylCK-TS activity
	PA6�substrate characterization
	SEM analysis
	Data visualization
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




