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Abstract

11-aminoundecanoic acid is a photochemical degradation product of the synthetic plastic nylon 11. With increasing plastic
waste in the environment, understanding the fates of nylon 11 degradation product is important. Previously, a bacterial
strain with an ability to metabolically degrade 11-aminoundecanoic acid was isolated, but the enzymes that are involved in
the metabolism of 11-aminoundecanoic acid has yet to be determined. In this work, we developed an enzyme-coupled
assay to study transaminase activity with 11-aminoundecanoic acid and pyruvate as co-substrates. Using this method,
transaminase activity was successfully detected in the cell lysate of Pseudomonas strain JG-B, grown on 11-
aminoundecanoic acid.
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Figure 1. Coupled Reaction to Investigate the Catalytic Action of Putative 11-AUA Aminotransferase:

(A) Top: production of alanine from 11-aminoundecanoic acid and pyruvate, catalyzed by aminotransferase(s). Below:

reaction between alanine and NAD™ to form pyruvate and NADH by the catalytic action of alanine dehydrogenase. The
production of NADH was measured by spectrophotometer by monitoring the change in absorbance at 340 nm. (B) Kinetic
study of NADH formation by alanine dehydrogenase. Absorbance at 340 nm was measured by a spectrophotometer (C)
Kinetic study of NADH formation by a coupled assay involving 11-AUA and cell lysate. 11-AUA, pyruvate and cell

lysate (or boiled lysate) were incubated at room temperature for 20 minutes before addition of ADH and NAD".

Description

Nylon 11 is a synthetic polymer with high heat resistance, abrasion resistance, and elasticity
(https://hpp.arkema.com/en/product-families/rilsan-polyamide-11-resins). Because of its desired physical properties and
chemical resistance, it is widely used in a variety of commercial products such as oil prospection in the ocean, utility
fibers, and medical devices (de Albuquerque Dias et al., 2024). 11 aminoundecanoic acid (11-AUA) has been shown as a
chemical degradation product of nylon 11 polymers (Cesarek et al., 2020). It is also speculated that 11-AUA is an
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intermediate of nylon 11 biodegradation by bacterial strains, as the bacteria isolated from the nylon 11 enrichment culture
was capable of growing on 11-AUA as a sole source of carbon and nitrogen (Gatz-Schrupp et al., 2020).

For living organisms, the incorporation of nitrogen is crucial for synthesis of essential macromolecules such as nucleic
acids, lipids and proteins. While common sources of nitrogen are amino acids for animals, microorganisms are capable of
utilizing a variety of inorganic (e.g. NH,*, NO3", and NO,") (Arp and Stein, 2003), as well as organic nitrogenous
compounds (Cook and Huetter, 1981; Hongwei et al., 2006; Weidhaas et al., 2009). For example, Pseudomonas strains
utilize s-triazines as a nitrogen source (Cook and Huetter, 1981). Rhodocossu opacus strain can use 2,4,6-trinitrophenol,
2,4-dinitrophenol, and other nitroaromatic compounds as a sole nitrogen source (Weidhaas et al., 2009).

Transaminases (TAs), or aminotransferases, are important biocatalysts as they can synthesize chiral amines (Savile et al.,
2010). Aminotransferases catalyze a transamination reaction that transfers an amino group to a ketoacid, ketone or
aldehyde (Schiroli and Peracchi, 2015). The predominant amino group acceptors are o-ketoglutarate, oxaloacetate and
pyruvate, producing glutamate, aspartate, and alanine, respectively (Schiroli and Peracchi, 2015).

Some ®-amino acids are building blocks of nylons and identified as an intermediate in known nylon oligomer
biodegradation pathways (Takehara et al., 2018). For example, the metabolism of nylon 6 degradation involves a
formation of w-amino acids (6-aminohexanoate) as an intermediate (Yasuhira et al., 2007). Amino transferases that
transfer amino group from these w-amino acids have been identified (Kaulmann et al., 2007; Schrewe et al., 2013;
Wilding et al., 2015). 6-aminohexanoate aminotransferase (NylD) of Arthrobacter sp. K172 transfer amino group of 6-
aminohexanoate to 2-oxoglutarate or glyoxylate (Takehara et al., 2018). Aminotransferase that transfers amino group from
12-aminododecanoic acid, which is a building block of nylon 12, to pyruvate were found in a Pseudomonas strain AAC
(Wilding et al., 2015).

Previously, Pseudomonas sp. strain JG-B was isolated from a nylon 11 enrichment culture (Gatz-Schrupp et al., 2020). It
exhibits a rapid growth in defined media that does not contain nitrogenous molecules other than an ® amino acid, 11-
AUA. To the best of our knowledge, a step-by-step degradation pathway of 11-AUA has not yet been determined. In this
study, to identify the fate of the amine group of 11-AUA in Pseudomonas sp. JG-B, we developed a spectrophotometric
assay for aminotransferase that can utilize 11-AUA as a substrate.

We hypothesized that 11-AUA aminotransferase activity can be determined by coupling it with a reaction with alanine
dehydrogenase (ADH), as described in Figure 1A. The transfer of amine group of 11-AUA to pyruvate is expected to be
catalyzed by a putative 11-AUA aminotransferase(s), producing alanine as one of the products. The alanine will then react

with NAD™ and become converted to pyruvate and NADH by the action of alanine dehydrogenase.

First, using alanine standards, we confirmed whether the initial velocity of the ADH-catalyzed reaction exhibited a
positive trend with the increasing alanine concentration (Figure 1B). NADH formation, as indicated by an increase in

absorbance at 340 nm, was successfully detected when 0.1 U of alanine dehydrogenase and 1.25 mM NAD" were mixed
with varying amounts of alanine.

Using this condition, ADH activity in a coupled reaction was tested. Initially, coupled reactions were allowed to undergo

simultaneously by concurrently adding 11-AUA, pyruvate, NAD", cell lysate and ADH to a reaction mixture. No
detectable NADH production was detected. We then separated a coupled reaction into two separate steps (1)

aminotransferase-catalyzed step, followed by (2) the addition of ADH and NAD™ to initiate a time course measurement of
absorbance at 340 nm. An increase in absorbance at 340 nm was observed when the reaction mixture of the first step was
incubated for 20, 40 or 60 minutes. This suggests that accumulation of alanine produced by the first step is essential in
allowing the second step to occur at the detectable level. Since there was no additional increase in absorbance with a
longer incubation period, a 20-minute incubation period was selected and used for subsequent experiments.

Using this condition, production of NADH with and without 11-AUA, pyruvate and cell lysates were tested (Figure 1C).
First, to eliminate the possibility that unknown compound(s) in cell lysates were the cause of absorbance increase, the
following control experiment was performed. A reaction mixture was carried out without 11-AUA. Incubation of pyruvate
and cell lysate devoid of 11-AUA yielded a small absorbance increase. This is most likely due to a reaction(s) between
pyruvate and a nitrogenous molecule(s) in cell lysate, leading to alanine production. However, the NADH production was
significantly higher when 3.25 mM 11-AUA was present. There was a statistically significant difference in the observed
activity between a reaction with no 11-AUA vs. reaction with 3.25 mM 11-AUA (p<0.05), strongly suggesting that the
NADH production was due to the formation of alanine from 11-AUA and pyruvate by the action of an aminotransferase(s)
in cell lysate. Second, to ensure that the observed increase in NADH was from an enzymatic reaction, this experiment was
repeated with boiled lysate (Figure 1C). This did not yield a change in absorbance. Testing the 11-AUA concentration
higher than 3.25 mM was impossible due to low 11-AUA solubility. When reaction contained smaller amounts (1.25 mM)
of 11-AUA, NADH production was not at a level significantly higher than that of control (Figure 1C).

In this paper, we have described an enzyme-coupled reaction to analyze 11-aminoundecanoic acid aminotransferase. By
coupling with alanine dehydrogenase catalyzed reaction, the production of alanine by the action of aminotransferase was
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detected spectrophotometrically. The assay was compatible with the use of cell lysate as the source of aminotransferase
activity, as molecules and enzymes present in the lysate did not interfere with the reaction. The results of the experiments
devoid of 11-AUA or the use of boiled lysate suggest that lysate did not yield an alternate substrate of alanine
dehydrogenase and that an enzyme(s) in lysate is essential for NADH production by ADH. Our results also suggest that
11-AUA’s metabolic pathway most likely involves an aminotransfer reaction, yielding alanine and aldehyde product. The
nature of this aminotransferase remains unknown. Further study will be conducted to identify and characterize enzymes
involved in this and subsequent steps in Pseudomonas sp. strain JG-B.

In conclusion, we found that the cell lysate of strain JG-B, grown on 11-AUA as a sole source of carbon and nitrogen,
produces aminotransferase(s) that yield alanine from 11-AUA and pyruvate. Our assay allows for an analysis of 11-AUA
specific aminotransferase activity only requiring commonly available equipment.

Methods

Spectrophotometric analysis was performed using UV-VIS spectrophotometer (Jenway 6715, Cole-Parmer, IL, USA).
Pseudomonas sp. strain JG-B was grown on the modified basalts medium (BSM) (Hareland et al., 1975) devoid of carbon
and nitrogen. Medium was supplemented by 0.4 mg/mL of 11-AUA as the sole source of carbon and nitrogen (Gatz-
Schrupp et al., 2020). When the culture reached stationary phase, it was transferred to fresh media (100 mL) and grown
until optical density at 600 nm reached 0.5. The cells were collected by centrifugation and were washed three times with
lysis buffer consisting of 50 mM phosphate (pH 8.0) and 500 mM NaCl. The cells were lysed by freeze-thaw cycles after
treatment with lysozyme at 37 °C for 30 minutes. Cellular debris and large insoluble materials were removed by
centrifugation, and the supernatant (~ 3 mL) was designated as cell lysate.

Assay with alanine dehydrogenase using alanine and NAD" was performed as described before (Wilding et al.,

2015). Between 0.1 and 0.5 mM of alanine was incubated with 12.5 mM NAD™ with 0.1 U ADH in 50 mM phosphate
buffer (pH 10). Absorbance at 340 nm was measured continuously for 200 seconds. The rate of NADH formation by

alanine dehydrogenase was calculated using the extinction coefficient (6220 M- cm™!) of NADH. For a coupled reaction,
designated amounts of 11-AUA were incubated with 0.3 mM pyruvate and 10 pL cell lysate for 20 minutes at room
temperature before the addition of alanine dehydrogenase and NAD". Experiments were performed in triplicates and p-
value was calculated by the t-test.

Reagents

All chemicals including 11-aminoundecanoic acid, pyruvate, NAD™, alanine, and alanine dehydrogenase (ADH) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Deionized water was used to prepare solutions. Pseudomonas sp.
strain JG-B was isolated previously in our laboratory.
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