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Petrochemical plastics can degrade into the size level of microplastics. One 

source of microplastics is polyethylene terephthalate (PET or PETE). Enzymes used to 
degrade PET have been reported. In our work, we wish to repurpose the activity of PET-
degrading enzymes, into PET-detecting enzymes, and use the engineered enzyme for 
microplastic detection, via enzyme engineering to create enzyme variants which can 
form covalent adducts with microplastic particles. The enzyme-microplastic adduct is 
generated via the use of 2,3-diaminopropionic acid (DAP) derivative, which we will 
incorporate in place of the catalytic serine residue at the active site of  I. sakeinesis—
PETase via the genetic code expansion technique. Working toward this goal, we have 
successfully synthesized 2,3-diaminopropionic acid (DAP) derivative. The synthetic 
methods were carried out with improvements to the protocols previously reported in 
literature, in seven steps and an overall yield of 7 %. The compound was structurally 
characterized by nuclear magnetic resonance (NMR) spectroscopy.  Moreover, we cloned 
an expression vector for PETase, in which its catalytic serine codon is replaced with an 
amber stop codon—marking it as a site for unnatural amino acid incorporation and 
demonstrated the expression of the PETase protein bearing an unnatural amino at the 
active site serine in Escherichia coli using amber-suppressor pyrrolysyl tRNA and its 
corresponding pyrrolysyl-tRNA synthetase enzyme. 
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CHAPTER I 
 INTRODUCTION 

 

1.1. Plastic 
Plastics are organic polymers whose monomers are mostly derived from fossil 

fuel-based natural resources, particularly crude oil and natural gas. Due to their high 

thermostability and plasticity, plastic polymers can be adapted to produce a wide 

range of consumer products, including clothes, bags, food packaging, and scaffolds 

for appliances and devices. Heavy consumption of plastic-based products and their 

integration into everyday life result in the generation of large amount of plastic 

waste. Such global surplus of plastic waste is a grave environmental problem, which 

is exacerbated by the fact that all frequently used fossil fuel-based plastics cannot 

be naturally degraded in a short time span.   

Plastics raise many complexes, which the aquatic organisms are highly variable 

spatially, even within relatively enclosed bodies of water.1 More than 700 marine 

species animals were reported to feed on marine debris worldwide.2 Microplastics 

can have a chemical, physical, and biological effect on organisms that ingest them 

directly and on organisms that indirectly consume contaminated prey. In addition, 

plastics can degrade to small pieces called microplastics.3 

Microplastics are small pieces of plastic, less than 5 mm (0.2 inches) in length, 
that are present in the environment due to plastic pollution. Microplastics come 
from various sources, including larger plastic debris that degrades into smaller 
pieces.4 Some investigations of microplastics focused on microbeads in personal-care 
products and pellets of virgin plastic, along with fragments that slowly erode from 
discarded bottles and other large debris. All these have been washed into rivers and 
oceans. In 2015, oceanographers estimated that between 15 trillion and 51 trillion 
microplastic particles were floating in surface waters worldwide. 5 
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Microplastics are divided into two types: primary and secondary. Primary 
microplastic are those already existing in less than 5 mm in size. Examples of primary 
microplastics include microbeads found in personal care products, plastic pellets 
used in industrial manufacturing, and plastic fibers used in synthetic textiles. 
Secondary microplastics form from the breakdown of larger plastics. One type of 
plastic majorly contributing as a source of microplastics is polyethylene 
terephthalate (PET), which is primarily used in clothes, packaging, and drink bottles. 
PET is a condensation polymer produced by the esterification of ethylene glycol (EG) 
with terephthalic acid (TPA) or dimethyl terephthalate (DMT).  PET is a clear, strong, 
and lightweight plastic widely used for packaging foods and beverages, especially 
convenience-sized soft drinks, juices, and water.6 PET can be biochemically degraded 
with many hydrolytic enzymes. Therefore, degradation or even detectable process of 
PET microplastics are highly desirable. 
 

 
 

Figure 1.1 Polyethylene terephthalate (PET) structure and their monomers. 
     

1.2. Identification methods of microplastic 
The detection of microplastics in environmental samples by visual inspection is 

cheap and relatively easy, but the results could be full of errors.7 Large microplastics 
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in the range from 1 to 5 mm, mainly plastic pellets from the raw material in plastic 
production, were identified since the earliest studies during ocean surface water 
sampling or in beach sediments by visual identification with the naked eye based on 
the plastic color and shape.8 Sometimes, the colors of the plastic material are similar 
to those of natural particles or other materials such as glass. Moreover, portions of 
plastic particles are not easily visible. This is a high probability of missing these 
particles or overestimating the microplastic pollution by false-positive identification 
without other analytical methods.  

More highly reliable techniques employ spectroscopic means. Currently used 
methods for identification of microplastic are as follows: 

 
1.2.1. Microscopy  
The stereomicroscope is useful and widely used to identify microplastics whose 

dimensions fall within the range of hundreds of microns. The stereo microscope allows 
three-dimensional analysis by observing the sample from two slightly different angles to 
obtain the two images significant for stereoscopic vision.9 The first fast-screening method 
allows rapid identification of the particles' shape, size, and color. However, this method 
cannot confirm the type of the plastic. 

 
1.2.2. FTIR spectroscopy 
Most molecules absorb light in the infrared region of the electromagnetic 

spectrum.10  FTIR spectroscopy takes advantage of the infrared radiation that excites 
molecular vibrations when interacting with a sample.11 This absorption is characteristic of 
the nature of the chemical bonds present in a sample. FTIR is able to confirm functional 
group present in microplastics. The technique can also detect small plastic particles 
(lower than 20 µm in size) with µ-FTIR.   
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1.2.3. Scanning Electron Microscopy (SEM) 
Scanning electron microscopy (SEM) is a microscopic technique that provides 

information about the morphological surface structure of microplastics, generating high-
resolution images of the surface state. Furthermore, it can give data on the chemical 
composition of the samples.9 The advantage is clear and high-resolution images of 
particles. On the other hand, this method is expensive and time-consuming. In addition, 
problems on lack of information on the type of polymer still exist. 

 
1.2.4. Raman Spectroscopy 
Raman Spectroscopy is a non-destructive chemical analysis technique that 

provides information about chemical structure, phase, polymorphism, crystallinity, 

and molecular interactions. It is based upon the interaction of light with the chemical 

bonds within a material. 12 A Raman microscope couples a Raman spectrometer to a 

standard optical microscope, allowing high magnification visualization of a sample 

and Raman analysis with a microscopic laser spot. Analysis of samples in solution, 

gas, film, surface, solids, and single crystals is possible. However, the disadvantage is 

detection needs sensitive and highly optimized instrumentation. Fluorescence of 

impurities or of the sample itself can hide the Raman spectrum. Some compounds 

fluoresce when irradiated by the laser beam.13 

 
1.2.5. Staining technique 
In 2019, Erni-Cassola and coworkers14 reported a protocol that allowed high-

throughput detection and automated quantification of small microplastic particles 
(20−1000 µm).  The method utilized a combination of Nile red dye, fluorescence 
microscopy, and image analysis software. Commonly applied methods separate 
synthetic microparticles from nonsynthetic materials via density separation 
techniques before visually sorting the particles and finally confirming their identity 
via spectroscopy.  
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Their study presents the application of a fluorescence-based protocol using Nile red to 
detect and quantify small microplastics in environmental samples. Nile red had been 
suggested as a tool for fluorescently labeling microplastics. Staining efficacy and 
automated particle detection were tested on nine polymer types: PE, PET, PVC, nylon-6, 
PP, PS, PC, PUR, and black tire rubber. 

They tested the fluorescence of these polymers stained with Nile red on PC 
track-etched filter membranes (PCTE) in green and red. The result showed fluorescence-
based automated detection of microplastics on PCTE membranes was 100% for four 
polymer types (i.e., PE, PP, PS, and nylon-6). All 10 particles of each respective polymer 
were detected with ImageJ using appropriate threshold for pixel brightness. 

As fluorescence intensity varied with polymer type and thickness, the original 

setting for the pixel brightness threshold in macro for ImageJ was optimized to capture 

all particles with strong fluorescence. This could also represent particle size accurately, 

using bright-field images as size references. Examples are illustrated in Figure 1.2.  

 

 

 

Figure 1.2 Microscope and ImageJ images of microparticles of different polymer 
types on PCTE filter membranes stained with Nile red at various pixel brightness 

settings. 14 
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1.3. Advantages and disadvantages of identification methods 
In 2015, Song and coworkers15 compared microscopic and spectroscopic 

identification methods to analyze microplastics in environmental samples. The 
microscope method for the identification of microplastics is easier and faster than FT-
IR. Nevertheless, microplastics <1 mm in size are possible to be missed. Many 
translucent or white fragments were identified as synthetic polymers, such as 
polyethylene and polypropylene by FTIR but were not counted as microplastics 
using the microscope (Figure. 1.3). 

 

 

 
Figure 1.3 Pictures of transparent  (a) polyethylene and (b) polypropylene fragments 
on filter paper.15  

 
On the other hand, the spectroscopic method was more accurate than the 

microscopic counterpart, reducing the missing and miscount rates. Especially, tiny 
microplastics (<1 mm) were detected by FT-IR.15 The most significant advantage is 
the ability of FT-IR to confirm the polymer types of microplastics. This can also 
provide additional information such as origin and other behaviors. However, FT-IR is 
time-consuming to identify the microplastic-like particles one by one. 

It is challenging yet problematic to identify microplastics of different types of 
polymer, various sizes, and shapes by a single analytical technique. Therefore, 
combinations of two or more analytical methods are commonly used. For instance, 
in 2019 Gniadek and coworkers16 presented a characterization of marine nano- and 
microplastics by Scanning Electron Microscopy - Energy Dispersive X-Ray 
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Spectroscopy (SEM-EDS). SEM can give fast information of morphology, aging, and 
origin of the examined samples. 

However, EDS measurement on non-conducting samples has some drawbacks. 
Higher electron beam energy caused electric charging of the sample surface. Due to 
this effect, the results of quantitative analysis can be disturbed, and this technique 
also cannot provide information on the type of polymer. 

In the case of Raman spectroscopy, in 2018, Araujo and coworkers17 reported the 
identification of microplastics using Raman spectroscopy. Raman is an indispensable 
tool for the analysis of very small microplastics (<20 µm). Compared with FTIR 
spectroscopy, Raman techniques show better spatial resolution (down to 1 µm while 
FTIR is 10-20 m), broader spectral coverage, higher sensitivity to non-polar functional 
groups, lower water interference, and narrower spectral bands. While both 
techniques proved equally capable for particles larger than 20 µm, the detection 
success rate of µ-FTIR lagged behind for smaller particles. 

Likewise, even though µ-FTIR did succeed in identifying some microplastics in the 
11-20 µm range, the quality of the spectra suffered because of a low signal-to-noise 
ratio, a direct after effect of the size of the particle approaching that of the 
instrument's diffraction limit. Figure 1.4 shows a comparing the FTIR and Raman 
spectra of a small (15-20 µm) polypropylene (PP) particle, where a clear Raman 
spectrum (left) contrast with a weak and noisy FTIR spectrum (right). 

On the downside, Raman spectroscopy is prone to fluorescence interference. 
Raman also has an inherently low signal to noise ratio, and might cause sample 
heating due to the laser light source, leading to polymer degradation. 

The use of microscopy technique identification provides a high risk of producing 
both false positive and false negative results in analyses of small microplastics. It is 
unable to provide the chemical data. In the same way, the spectroscopy methods 
(such as FTIR, Raman, SEM) are an expensive and long time to effort for analysis.  For 
this reason, there is a need to improve and develop new methods to reduce 
identification time and effort to detect microplastics. Combining the easier and faster 
visual identification method (e.q., microscope) with the staining method to increase 
the specificity of detecting polymers or polymer types is challenging and interesting. 
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Figure 1.4 Raman image and IR image  (a) false coloring denoting the spectral 

intensity in the 2780-2980 cm-1 range and (b) of particle 2 in comparison with a 

reference of polypropylene.17 

  

1.4. PET plastic degrading enzyme 
In 2016, Yoshida and coworkers began searching for microbial PET degraders 

in the natural environment.18 Using PET wastes, they screened for microorganisms 
that could use PET film as the major carbon source for growth. After a few weeks, 
one sediment sample contained a different microbial consortium formed on the PET 
film. The film showed clear signs of degradation (induced morphological change in 
the PET film) (Figure 1.5). 
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Figure 1.5 Microbial growth on PET  (a) Growth of sample on PET film after 20 days. 

(b) SEM image of degraded PET film after 70 days. The inset shows entire PET film. 

Scale bar, 0.5 mm.18  

  

From the microbial consortium, then Yoshida et al. successfully isolated the 
bacterium capable of degrading PET. As the bacterium was discovered from 
environmental samples taken in Sakai, Osaka Prefecture, it was given the name 
Ideonella sakaiensis 201-F6. 

Additionally, the degradation mechanism and a genome analysis were studied to 
acquire more information on the enzymes that can break down PET. Completed 
functional analysis of the protein gene product showed their ability to catalyze PET 
hydrolysis. 

Compared to previously known PET-degrading enzymes, this newly identified 
enzyme had a higher preference for PET degradation and was more active. This 
particular enzyme was named PETase.18 When grown on PET, PETase produces two 
enzymes capable of hydrolyzing PET.  The reaction intermediate, mono(2-
hydroxyethyl) terephthalic acid (MHET) was also hydrolyzed. Both enzymes are 
required to enzymatically convert PET efficiently into its two environmentally benign 
monomers, terephthalic acid, and ethylene glycol. 
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1.5. Characterization of PETase 
In 2018, Austin and coworkers.19 had also employed this newly discovered 

bacterium Ideonella sakaiensis 201-F6 in their study to gain a deeper understanding 
of the adaptations that contribute to the substrate specificity of PETase. It was found 
that PETase exhibits a canonical /-hydrolase structure with an open active-site 
cleft. The high-resolution structure described in their study revealed the binding site 
architecture of the I. sakaiensis 201-F6 PETase.  As predicted from the sequence 
homology to the lipase and cutinase families, PETase adopts a classical α/β-
hydrolase fold, with a core consisting of eight β- strands and six α-helices. 

Another striking difference between PETase and the closest cutinase homologs is 
the broader active-site cleft, which upon observation, they hypothesized might be 
necessary to accommodate crystalline semi-aromatic polyesters. A single amino acid 
substitution from phenylalanine (T. fusca cutinase) to serine (PETase) in the lining of 
the active site cavity appears sufficient to cause this change, with the remaining cleft 
formed between Trp159 and Trp185 (Figure 1.6a, 1.6b). In terms of the active site, 
the well-studied catalytic triad is conserved across the lipases and cutinase families. 
In PETase, the catalytic triad comprises Ser160, Asp206, and His237 (Figure 1.6c). 

 
 

 
 

Figure 1.6 Active site structure of PETase 19 

 
Figure 1.6 (a) shows a view along the active-site cleft of PETase. The width of the 

cleft is shown between Thr88 and Ser238. Figure 1.6 (b) reveals the narrower cleft of 
the T. fusca cutinase active site which is shown with the width between Thr61 and 
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Phe209 in equivalent positions. A close-up view of the PETase active site is shown in 
Figure 1.6(c) with the catalytic triad residues His237, Ser160, and Asp206 colored 
blue. Residues Trp159 and Trp185 are colored pink.19 

 

Prediction of PET-PETase binding modes by conducting induced-fit docking (IFD).  
The orientation shown in Figure 1.7 is one of several used to illustrate a productive 
PET-binding event in the wild-type enzyme: A PET carbonyl carbon is at a chemically 
relevant distance (5.1 Å) for nucleophilic attack from the Ser160 hydroxyl group. 
His237 is at an ideal distance (3.9 Å) to activate Ser160, and Asp206 provides 
hydrogen bonding support to His237 (2.8 Å). 

 

 
 

Figure 1.7 Predicted binding conformations of wild-type PETase from docking 
simulations. 19 

  

The illustration demonstrates that PET is accommodated in an optimum position 
for the carbon (black) interact with the nucleophilic hydroxyl group of Ser160, at a 
distance of 5.1 Å (red dash). His237 is positioned within 3.9 Å of the Ser160 hydroxyl 
(green dash). Residues Trp159 and Ser238 line the active-site channel (orange and 
blue, respectively).19 
 

It is envisaged that a PET-degrading enzyme can be converted into a sensitive 
PET detector by using a genetic encode expansion technique. 
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1.6. Genetic code expansion 
Genetic code expansion is a technique used for the modification of genetic code. 

The genetic code for all life is based upon four nucleotides, 64 codons, and 20 
amino acids. Yet, in the past two decades, biologists have expanded the genetic 
code by redirecting specific codons to encode amino acids beyond the 20 standard 
amino acids.20 

Specific codons have been re-allocated to encode an unnatural amino acid. The 
key to expanding the genetic code is aminoacyl-tRNA synthetase/tRNA (aaRS/tRNA) 
pairs specifically with unnatural amino acids. This system must be orthogonal with 
the native translation system, including endogenous tRNA, natural amino acids, and 
endogenous aaRS. 

Genetic code expansion has been commonly used to study protein structures 
and functions both in vitro and in vivo. The site-specific modification characteristic of 
the genetic code expansion technique makes it a powerful tool in improving the 
pharmacological properties of protein therapeutics and developing novel therapeutic 
methods.21 

As for this work, a 2,3-diaminopropionic acid (DAP) derivative will be used as an 
unnatural amino acid due to the similarity of the structure of the DAP derivative with 
serine which is an active site of PETase that plays a vital role to bind to the carbonyl 
carbon by a hydroxyl group and break the ester bond of PET. 

 
1.7. Synthesis of 2,3-diaminopropionic acid (DAP) derivative 

L-2,3-diaminopropionic acid (L-Dap) is a key precursor in the synthesis of many 
antibiotics such as viomycin and capreomycin, two structurally related 
antituberculosis drugs that belong to the tuberactinomycin family of nonribosomal 
peptide antibiotics.22 

According to PETase, it can degrade PET film by Ser acting as a nucleophile attack 
to the carbonyl bond of PET. It is aimed to convert PET degrading enzyme to PET 
detecting agent. Thus, we have to change the function of an enzyme from 
hydrolysable to non-hydrolysable by trapping an intermediate of the degradation 
process. 
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In 2019, Huguenin-Dezot and coworker23 reported a method for synthesizing DAP 
derivatives that would enable the trapping of acyl-enzyme intermediates linked 
through an amide bond (Figure 1.8a, b). 

In Figure 1.8a, active-site serine or cysteine residues reacts with carbonyl groups 
to form tetrahedral intermediates that collapses to acyl-enzyme intermediates by 
losing R1–YH. Attack by nucleophilic R3 groups (commonly a hydroxyl, amine, or 
thiol) releases the bound substrate fragment and generates the enzyme. R1, R2, and 
Y represent the diverse chemical groups that may be found in distinct reactants. On 
the other hand, Figure 1.8b replacing cysteine or serine with DAP may result in a first 
acyl-enzyme intermediate resistant to cleavage. 
 

 
 

Figure 1.8  Capturing transient acyl-enzyme intermediates with DAP  (a) Active-site 
Ser(O) or Cys(S) residues react with C=O that collapse to acyl-enzyme intermediates. 
(b) replacing Cys or Ser with DAP derivative may result in a first intermediate resistance to 
cleavage. 23 

 
The structural similarity of DAP to cysteine and serine makes it challenging to 

discover an aminoacyl-tRNA synthetase that is selective for DAP in vivo. Five 
protected versions of DAP (2–6) (Figure 1.9) were anticipated to be specific 
aminoacyl-tRNA synthetase/tRNACUA pairs and enable site-specific incorporation into 
proteins. It was envisaged that derivatives 2-6 would allow the trapping of acyl-
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enzyme intermediates linked through an amide bond (Figure 1.8b). These DAP 
derivatives can be prepared via a method developed by Huguenin-Dezot.23 Due to 
the selection synthetase enzyme assay. It was found that derivatives 2–5 
accumulated in Escherichia coli at low concentrations were unable to evolve a 
synthetase for these unnatural amino acids using several libraries of the orthogonal 
Methanosarcina barkeri (Mb) pyrrolysyl-tRNA synthetase (PylRS)/tRNA (Pyl/CUA) pair. 

By contrast, compound 6 accumulated in E. coli at millimolar concentrations 
and is able to evolve a MbPylRS variant for the site-specific incorporation of 6. 
Therefore, compound 6 as the DAP derivative was selected to encode into the 
enzyme. 
 

 
 

Figure 1.9 Structure of protected versions of DAP. 23 

 
While natural enzymes mentioned earlier already have the capacity to degrade PET, 

we hope to repurpose the enzymes from just degrading to detecting PET microplastics. 
To achieve sensitive microplastic detection, we aim to create enzyme variants that can 
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form covalent adducts with microplastic particles. The adduct is generated via the use of 
2,3-diaminopropionic acid (DAP) derivative, which will substitute a catalytic serine in the 
enzyme of interest via genetic code expansion. This technique allows site-specific 
incorporation of a non-canonical amino acid (in this case, DAP derivative) into any 
desired site on a protein of interest. Unlike natural hydrolases which catalyze their 
reactions via an acyl enzyme intermediate, DAP-modified enzymes will form a stable, 
covalent substrate-enzyme adduct via an amide linkage. By either further conjugating 
fluorescent turn-on probes to DAP-modified enzymes or employing appropriate direct 
spectroscopic method, we hope to convert a PET-degrading enzyme into a sensitive PET 
detecting system. 

 
 

1.8 Objectives 
This research aimed to synthesize and optimize unnatural amino acid 2,3-

diaminopropionic acid (DAP) derivative or compound 6 to find the appropriate 

conditions. However, remain up the highest yield of each step. Then use compound 

6 to encode onto plastic degrading enzyme to change wild-type enzyme's function 

from hydrolysable to non-hydrolysable, which traps the PET plastic but does not 

degrade by genetic code expansion technique. As described earlier on different 

methods to detect microplastics, we have had interests in exploring an alternative 

detection method for PET microplastic. This may be done by either further conjugating 

fluorescent turn-on probes to DAP-modified enzymes or employing appropriate direct 

spectroscopic method. It is hoped to convert a PET-degrading enzyme into a sensitive 

PET detecting system. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
EXPERIMENTAL 

 
2.1 Materials and Chemicals 

All reactions were performed in oven-dried glassware. All reagent grade 

chemicals for the synthesis in this work were purchased from Acros, Merck, Sigma-

Aldrich, and TCI and were used without further purification. Laboratory grade organic 

solvents from RCI Labscan were used for column chromatography and thin-layer 

chromatography. Unless otherwise specified, analytical grade organic solvents from 

Burdick & Jackson and RCI Labscan were used for reaction set ups. The progress of 

the reactions was monitored by thin-layer chromatography (TLC) performed on Merck 

D.C. silica gel 60 F254 0.2 mm precoated aluminium sheets and visualized using UV 

light (254 nm). Column chromatography was performed on Merck 70-230 mesh ASTM 

silica gel. Solvents for NMR experiments were purchased from Cambridge Isotope 

Laboratories or Euriso-top. 

 

 2.2 Instruments and Equipments 
NMR spectra were obtained from Jeol NMR spectrometer and were recorded at 

500 MHz for 1H NMR experiments and 126 MHz for 13C NMR experiments, using 

deuterated dimethylsulfoxide (DMSO-d6), deuterated chloroform (CDCl3), and 

deuterated methanol-d4 as NMR solvents. The chemical shifts () are reported in 

parts per million (ppm) relative to tetramethylsilane signal (H = 0.00 ppm) 

employing residual protonated signal of deuterated solvent as a reference.  

In each step of the genetic code expansion technique, the following were used. 

Cloning: T100TM Thermal Cycler (Bio-rad), Mupid-exU (Submarine electrophoresis 

system, Run agarose gel). Protein expression: Mini-PROTEAN Tetra system (SDS-PAGE 

and   
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2.3 Synthesis of 4',5' methylenedioxy-2'-nitroacetophenone (8) 
 

 
 

Figure 2.1 Synthesis of 4',5' methylenedioxy-2'-nitroaceto phenone (8). 
 

3',4'-(methylenedioxy) acetophenone (7) (4 g, 0.02 mol, 1 eq) was stirred in 

glacial acetic acid (24 mL) for 30 min to achieve a clear solution. The solution was 

added dropwise to a 250 mL 3 necked-round bottom flask containing HNO3 (44 mL) 

at 0 °C over a 30-minute addition.  The reaction mixture was maintained at 0 °C 

during addition and for an additional 30 min while stirring under N2 atmosphere. 

Then the mixture was warmed to 40 °C and stirred under N2 atmosphere for an 

additional 30 minutes. The mixture was cooled to room temperature and poured 

slowly into ice in a beaker (500 mL). A yellow precipitate appeared. The mixture was 

then stirred for 15 min and filtered using a suction pump. The dark yellow gum was 

neutralized with Na2CO3, washed with water, and dried in an oven. The crude yellow 

solid was then purified by column chromatography on SiO2 (eluent: 1:1 

CH2Cl2:hexane to 100% CH2Cl2). The desired compound, 4',5'-Methylenedioxy-2'-

nitroacetophenone (8) was obtained as the major product (1.8048 g, 35%): Rf= 0.66. 
1H NMR (500 MHz, CDCl3)  (ppm):  7.54 (s, 1H), 6.74 (s, 1H), 6.16 (s, 2H), 2.48 (s, 3H). 
13C NMR (126 MHz, CDCl3)  (ppm): 199.35, 152.82, 148.95, 140.24, 135.29, 106.32, 

104.96, 103.72, 30.36.  
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2.4 Synthesis of 1-(4,5-Methylenedioxy-2-nitrophenyl) ethanol (9) 
 

 
 

Figure 2.2 Synthesis of 1-(4,5-Methylenedioxy-2-nitrophenyl) ethanol (9). 
 

4',5'-Methylenedioxy-2'-nitroacetophenone (8) (1.2528 g, 5.99 mmol, 1eq) was 
suspended in a solvent mixture of CH2Cl2 (12 mL), CH3OH (19 mL), and absolute 
ethanol (13 mL) in 100 mL single-necked round-bottom flask. NaBH4 granules (0.3408 
g, 9 mmol, 1.5 eq.) were added in 4 portions to the yellow suspension every 5 min 
(total time = 20 min addition) at 15 °C. After the addition was complete, the reaction 
mixture was stirred at room temperature until the starting material was completely 
consumed as determined by TLC analysis (SiO2, TLC eluent: 100% CH2Cl2). The 
reaction was quenched by the addition of acetone (3 mL), left stirring at room 
temperature for 10 min. The mixture was then evaporated to dryness under reduced 
pressure to obtain a yellow solid. The solid was re-dissolved in CH2Cl2 (10 mL×2) and 
washed with saturated aq. NH4Cl solution (30 mL×2) and finally with saturated aq. 
NaCl solution (30 mL×2). The organic layer was separated, dried over anhydrous 
Na2SO4, filtered, and evaporated to dryness in an oven to obtain 1-(4,5-
Methylenedioxy-2-nitrophenyl)ethanol (9) as a yellow solid (1.2569 g, 99%): Rf= 0.33.  
1H NMR (500 MHz, CDCl3)  (ppm): 7.45 (s, 1H), 7.26 (s, 1H), 6.12 – 6.08 (m, 2H), 5.45 
(qd, J = 6.2, 3 Hz, 1H), 2.26 (d, J = 3.5 Hz, 1H), 1.53 (d, J = 6.3 Hz, 3H). 13C NMR (126 
MHz, CDCl3)  (ppm):  152.51, 147.02, 141.61, 139.05, 106.44, 105.23, 103.01, 65.78, 
24.28. 
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2.5 Synthesis of 1-bromo-1-[4',5'-(methylenedioxy)-2'-nitro phenyl]ethane(10) 
 

 

 
Figure 2.3 Synthesis of 1-bromo-1-[4',5'-(methylenedioxy)-2'-nitrophenyl]ethane (10). 
 

A 250 mL, three-necked round-bottom flask was dried in an oven for 15 
minutes then further with a heat gun and purged with N2 gas. After that, the flask was 
charged with a solution of 1-(4,5-Methylenedioxy-2-nitrophenyl) ethanol (9) (1.9741 g, 
9.34 mmol, 1 eq) in CH2Cl2 (30 mL). The flask was then wrapped with aluminum foil 
to shield the content from the light. The solution was stirred at 0 °C under N2 

atmosphere. After 20 min, PBr3 (0.4 mL, 4.25 mmol, 0.45 eq) was added dropwise 
into the reaction mixture over 10 min using a syringe pump at 0 °C. Subsequently, 
pyridine (0.07 mL) was added, and the solution was stirred at 0˚C for 15 min. 
Afterward, the reaction was warmed to room temperature and stirred continuously 
for 30 min. The reaction was judged to be complete by TLC analysis (SiO2, TLC 
eluent: 100% CH2Cl2). It was then cooled to 0 °C and stirred for 5 min, then 
quenched by addition of MeOH (2 mL), brought to room temperature, and stirred for 
10 min under N2 atmosphere. After the quenching was complete, the reaction 
mixture was evaporated to dryness under reduced pressure. The resulting yellow 
gum was dissolved in CH2Cl2 (15 mL) and saturated aq. NaHCO3 solution (15 mL). The 
organic phase was washed sequentially with a saturated aq. NaHCO3 solution (2×30 
mL) and saturated aq. NaCl solution (3×40 mL).  The organic layer was separated, 
dried over anhydrous Na2SO4, filtered, and evaporated to dryness to obtain a yellow 
solid. The crude product was purified by column chromatography on SiO2 (eluent: 
CH2Cl2: hexane (2:8 to 1:1)) to obtain 1-bromo-1-[4',5'-(methylenedioxy)-2'-
nitrophenyl]ethane (10) in 77% yield (1.9832 g). 1H NMR (500 MHz, CDCl3) δ (ppm): 
7.33 (s, 1H), 7.25 (s, 1H), 6.11 (d, J = 1.0 Hz, 1H), 5.88 (q, J = 6.8 Hz, 1H), 2.02 (d, J = 
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6.8 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ (ppm): 152.06, 147.67, 141.60, 134.79, 108.75, 
105.05, 103.27, 42.77, 27.59.  

 
2.6 Synthesis of 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}ethan-1-ol(11) 

 

 

 
Figure 2.4 Synthesis of 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl] thio}ethan-1-ol  
(11). 
 

A freshly prepared solution of NaOH (0.5 M, in 2 mL of deionized H2O, 1 

mmol, 1.2 eq) was loaded in a three-necked round-bottom flask and degassed. After 

10 min, mercaptoethanol (0.08 mL, 1.13 mmol, 1.36 eq) was added to the flask, and 

degassing was continued for a further 10 min. Separately, the starting 1-bromo-1-[4',5'-

(methylenedioxy)-2'-nitrophenyl]ethane (10) (0.2288 g, 0.83 mmol, 1 eq) was dissolved in 

1,4-dioxane (2 mL) and degassed for 10 min. Both round bottom flasks were wrapped 

with aluminum foil to shield from the light. Compound 10 was transferred into the 

flask containing NaOH and mercaptoethanol using cannula over 10 min in the dark 

under a positive pressure of N2 gas. A yellow precipitate formed, which was then 

dissolved with 1,4-dioxane (2 mL). The solution was subjected to sonication for 20 

min in the dark until the reaction mixture became a clear yellow solution. The 

contents were left stirring for 6 h at room temperature in the dark under N2 

atmosphere. The reaction was judged to be complete by TLC (3:7EtOAc:hexane), and 

the solvent was evaporated. The yellow gum was then extracted with EtOAc 

(10mL×2), aq. NH4Cl (10 mL×2) and saturated NaCl (10mL×3). The organic layer was 
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separated and dried over anhydrous Na2SO4, filtered, and the solvent was evaporated. 

The crude product was purified by column chromatography on SiO2 (eluent: 15% 

EtOAc:hexane to 50% EtOAc/hexane) in the dark to obtain 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-

yl)ethyl]thio}ethan-1-ol (11) as a sticky yellow paste (0.2121 g, 94%). 1H NMR (500 MHz, 

CDCl3) δ (ppm):  δ 7.27 (s, 1H), 7.26 (s, 1H), 6.09 (d, J = 3.6 Hz, 2H), 4.78 (q, J = 7.0 Hz, 

1H), 3.68 – 3.57 (m, 2H), 2.62 – 2.48 (m, 2H), 1.55 (d, J = 7.0 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ (ppm): 152.26, 146.88, 143.95, 136.02, 107.97, 104.76, 103.01, 60.85, 

38.31, 34.88, 23.15. 

 

2.7 Synthesis of 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio)ethyl (4- 
     nitrophenyl)carbonate (12)  
 

 

 
Figure 2.5 Synthesis of 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl) thio)ethyl(4-
nitrophenyl)carbonate (12). 
 

A three-necked round-bottomed flask was dried in an oven. The dry flask was 

charged with a solution of 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}ethan-1-ol 

(11) (0.2897 g, 1.06 mmol, 1 eq) in dry CH3CN. Triethylamine (0.6 mL, 4.30 mmol, 4.05 

eq) was added, followed by addition of 4-Nitrophenyl chloroformate (0.3598 g, 1.78 

mmol, 1.68 eq). The reaction turned turbid and white precipitates were formed. The 

solution was then left stirring at rt for 6 hours. The reaction was judged to be 
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complete by TLC (3:7 EtOAC:hexane) and was evaporated to dryness under reduced 

pressure. The product was purified by column chromatography on SiO2 (eluent: 5% 

to 30% EtOAc:hexane) in the dark to obtain 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-

yl)ethyl)thio)ethyl (4-nitrophenyl) carbonate (12) as a yellow gum (0.2853 g, 65%) 

with an Rf = 0.48 (SiO2 plate, EtOAc/hexane = 3:7). 1H NMR (500 MHz, CDCl3) δ (ppm):  

8.27 (d, J = 9.2 Hz, 2H), 7.38 (d, J = 9.1 Hz, 2H), 7.30 (s, 1H), 7.27 (s, 1H), 6.09 (s, 2H), 

4.87 (q, J = 7.0 Hz, 1H), 4.32 (qt, J = 11.1, 6.6 Hz, 2H), 2.77 – 2.63 (m, 2H), 1.56 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ (ppm): 155.56, 152.32, 152.08, 146.75, 145.51, 143.37, 

135.72, 125.39, 121.86, 107.97, 104.88, 103.05, 68.01, 38.98, 31.02, 23.14.  

 

2.8 Synthesis of (2S)-2-[(tert-Butoxycarbonyl)amino]-3-{[(2-{[1-(6-nitrobenzo[d]    
[1,3]dioxol-5-yl)ethyl] thio}ethoxy)carbonyl]amino} propanoic acid (13)  

 

 
 

Figure 2.6 Synthesis of (2S)-2-[(tert-Butoxycarbonyl)amino]-3-{[(2-{[1-(6-nitrobenzo[d] 
[1,3]dioxol-5-yl)ethyl] thio}ethoxy)carbonyl] amino}propanoic acid (13). 
 

Compound 12 (0.2853 g, 0.65 mmol, 1 eq) was dissolved with dry CH3CN (8 

mL) and transferred into a three-necked round-bottom flask. Boc-Dap-OH (0.1460 g, 

0.71 mmol, 1.09 eq) was added in one portion to the flask, followed by addition of 
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triethylamine (0.55 mL, 3.94 mmol, 6.06 eq). The reaction flask was wrapped with 

aluminium foil and stirred at rt for 6 h under N2 atmosphere. After this time, the 

reaction was judged to be complete by TLC (98:2 EtOAc:CH3COOH), then dried under 

reduced pressure. This was purified by column chromatography (eluent: 50:50 EtOAc: 

hexane to 100% EtOAc then 5%>40% MeOH:EtOAc) in the dark to obtain(2S)-2-[(tert-

butoxycarbonyl)amino]-3-{[(2-{[1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}ethoxy) 

carbonyl]amino} propanoic acid (13) as a yellow gum (0.3098 g, 94 %). 1H NMR (500 

MHz, CDCl3) δ (ppm):  7.28 (s, 1H), 7.25 (s, 1H), 6.09 (d, J = 15.1 Hz, 2H), 5.99 (s, 1H), 

5.86 (s, 1H), 4.78 (q, J = 7.0 Hz, 1H), 4.17 (s, 1H), 4.07 – 4.01 (m, 2H), 3.51 (s, 2H), 2.51 

(tq, J = 13.3, 6.7 Hz, 2H), 1.51 (d, J = 6.9 Hz, 3H), 1.38 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ (ppm): 173.74, 157.92, 156.49,152.06, 146.86, 143.25, 136.20, 108.11, 104.76, 

103.07, 81.77, 64.63, 54.44, 43.24, 38.94, 32.02, 28.43. 

 

2.9 Synthesis of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo[d][1,3] dioxol-5-yl)ethyl] 
thio}ethoxy) carbonyl]amino}propanoic acid (6) 
 

 

Figure 2.7 Synthesis of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo[d][1,3] dioxol-5-yl)ethyl] 
thio}ethoxy)carbonyl]amino}propanoic acid (6) 
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Compound 13 (0.5044 g, 1.00 mmol, 1 eq)  was dissolved with CH2Cl2 (12 mL) 
and loaded to a dry single necked round bottom flask. The flask was wrapped with 
aluminum foil to shield from the light and stirred at rt for 5 min. After that, 
triethylsilane (1.6 mL, 10.01 mmol, 10.01 eq) was added to the solution and stirred 
for 5 min. Subsequently, trifluoroacetic acid (1.6 mL, 20.89 mmol, 20.89 eq) was 
added drop-wise via syringe over 5 min at room temperature. The reaction mixture 
turned from light yellow to dark yellow color and was left stirring at room 
temperature for 2 h. The reaction was judged to be complete by TLC (98:2 EtOAc: 
CH3COOH), then the solution was concentrated to dryness under reduced pressure 
to obtain a yellow-brown gum. This was dissolved with CH3OH (10 mL) and 
evaporated to dryness under reduced pressure; repeated five-time to remove any 
CF3COOH, Et3SiH, H2O. The yellow gum was dissolved with CH3OH (10 mL) and 
transferred to a dry three-necked round-bottomed flask. The solution was stirred at 0 
°C under N2 atmosphere for 10 min. Et2O was then transferred into the flask via 
cannula under a positive pressure of N2 gas while the contents were vigorously 
stirred. A white yellow precipitate formed, and the contents stirred vigorously at 0 °C 
for 30 min, then r.t. for an additional 2 h. The precipitate was then filtered and 
washed with cool Et2O (3×10 mL), followed by cool n-hexane (10 mL×2). The 
product was left dried at room temperature overnight in the dark to obtain (2S)-2-
amino-3-{[(2-{[1-(6-nitrobenzo[d][1,3]dioxol-5-
yl)ethyl]thio}ethoxy)carbonyl]amino}propanoic acid (6) as a pale-yellow powder 
(0.1942 g, 48%). 1H NMR (500 MHz, CDCl3) δ (ppm):  7.31 (s, 1H), 7.27 (s, 1H), 6.11 (d, J 
= 4.5 Hz, 2H), 4.96 (dt, J = 11.8, 6.4 Hz, 56H), 4.73 (q, J = 6.9 Hz, 1H), 4.15 – 3.98 (m, 
3H), 3.69 (ddd, J = 14.9, 5.1, 3.9 Hz, 1H), 3.54 (dd, J = 15.1, 6.2 Hz, 2H), 2.66 – 2.47 (m, 
2H), 1.52 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, Methanol-d4) δ (ppm): 168.48, 161.37, 
160.02, 152.08, 147.12, 141.04, 135.37, 115.84, 107.4, 104.03, 103.33, 
64.34,53.61,40.47,38.44, 29.86, 21.69. 
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2.10 Genetic code expansion: Cloning of an expression construct for His6-
SUMO- 
PETase (S160TAG) 

The coding sequence for Ideonella sakeiensis PETase gene with its signal 

peptide removed was PCR-amplified using Q5® High-Fidelity DNA Polymerase from 

pET21b-Is-PETase plasmid (Addgene # 112202) with primers PETase_S160*_F  (23-mer, 

GATGGGCTGGtagATGGGGGGCG) and PETase_S160*_R  (20-mer,  ACACCCATGCGGGCAGTATC). 

During the amplification, the catalytic residue S160 in the PETase gene was replaced 

by an amber stop codon (TAG). The PETase gene was circularized by a KLD reaction 

in a thermal cycler.  

The putatively mutated PETase gene was amplified by primers 

nonsigPETase_OVL_SUMO_F (cagagaacagattggtggatcccagaccaatccgtatgcgcg) and PETase_ 

TGA_OVL_XhoI_R (AGCAGCCTAGGTTAATTA AGCCTCGAGTCAggaacagttcgcggtgcg) to 

generate overhangs for Gibson assembly. The solubility tag SUMO gene was amplified 

from pC013 - Twinstrep-SUMO-huLwCas13a using primers His-SuMO pHND-OVL F 

(TTTGTTTAACTTTAAGAAGGAGATGTACATATGcatcatcatcatcatcacagcagc) and His-SUMO 

R (ggatccaccaatctgttctctgtgag). An acceptor plasmid p-His-Lipoyl_TEV-Strep plasmid (a 

kind gift from Jason Chin, MRC LMB, United Kingdom) was digested with NdeI and 

XhoI and assembled with the PETase, and SUMO inserts via Gibson assembly before 

transformation into E. coli. Plasmids were isolated from single colonies and 

sequence-analyzed for confirmation.  

 

2.11 Genetic code expansion: Expression of His6-SUMO-PETase (S160BocK) E. 
coli BL21 

Two expression plasmids for His6-SUMO-PETase(S160TAG) (Figure 2.8) and 

Methanosarcina Mazei pyrrolysyl tRNA synthetase and its cognate amber-suppressor 

tRNAPyl were transformed into E. coli BL21. Upon reaching the OD600 of 0.5-0.6, the 

culture was supplemented with 1 mM tert-butyloxycarbonyl lysine (BocK) and 1 mM 
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isopropyl--D thiogalactopyranoside (IPTG), and protein expression was carried out at 

37 °C for 4 h.  Whole-cell lysates were electrophoretically separated in SDS-PAGE and 

analyzed via Coomassie blue staining and anti-His6 western blotting.   

 

 

 
Figure 2.8 An expression construct for His6-SUMO-PETase (S160TAG). 
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CHAPTER III 
RESULTS AND DISCUSSION 

 

The objective of this work is to synthesize and optimize compound 6 which 

can be prepared from 3',4'-(methylenedioxy) acetophenone in 7 steps from a 

method of Nicolas Huguenin-Dezot's23 with various modifications as shown in Figure 

3.1.  Then use compound 6 to encode onto plastic degrading enzyme to change 

enzyme's function from hydrolysable to non-hydrolysable, which traps the PET 

plastic but does not degrade, to develop the PET detecting method combined 

staining method and fluorescent spectroscopy.  The synthesis of each step can be 

laid out as follows. 

 

 

Figure 3.1 The synthetic scheme of compound 6. 
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3.1 Synthesis and optimization of DAP derivative 
The desired Compound 6 which is a derivative of 2,3-diaminopropionic acid (DAP) 

was successfully synthesized from 3',4'-(methylenedioxy) acetophenone in seven 

steps as shown in Figure 3.1. Optimization of reaction conditions had also been 

accomplished for most of the steps.  

 
3.1.1. Synthesis of 4',5'methylenedioxy-2'-nitroacetophenone (8) 

 

 

Reaction step 1  
 

This is achieved by a nitration reaction by an addition of a nitro group to an 

aromatic ring of 3',4' (methylenedioxy)acetophenone (7). The product resulted from 

the electrophilic attack of the nitronium ion to the 2' position of 7. In the 

experiment, the solution of 7 in glacial acetic acid was added dropwise to nitric acid. 

After warming the mixture up to 40 °C, the reaction got started. The optimization of 

reaction conditions includes the decrease in heating time from 2.5 hours to 30 

minutes. The desired nitration product was obtained as a major product among three 

other by-products. Attempts to recrystallize the desired product with various solvent 

system failed to give the product. Therefore, the crude yellow solid product mixture 

was subjected to purification by column chromatography which yielded compound 8 

in 35%. Overall, the desired product was obtained in a much shorter reaction period.  

1H NMR spectrum of compound 8 is shown in Figure 3.2 while the 13C NMR spectrum 

is included in the Appendix.  
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Figure 3.2 1H NMR spectrum of compound 8. 
 

3.1.2. Synthesis of 1-(4,5-Methylenedioxy-2-nitrophenyl) ethanol (9) 
 

 

Reaction step 2 
 

The next step involved a reduction reaction of the carbonyl group of 
compound 8 using granules NaBH4. The reaction time was optimized from 4 hours to 
30 minutes. Alcohol 9 was obtained in a quantitative yield similar to those reported 
in the literature. The identity of compound 9 was confirmed by 1H NMR 
spectroscopic analysis. The spectrum of compound 9 in CDCl3 is shown in Figure 3.3. 
1H NMR analysis of a solution of 9 in CDCl3 confirmed the identity of the desired 
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product as the signal of the methine proton on the carbon with the hydroxyl group 
clearly appeared at 5.45 ppm (qd, 1H). The 13C NMR spectrum is included in the 
Appendix. 

 

 

 

Figure 3.3 1H NMR spectrum of compound 9. 
 

3.1.3. Synthesis of 1-bromo-1-[4',5'-(methylenedioxy)-2'nitrophenyl]ethane(10) 
 

 

Reaction step 3 
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In step 3, the hydroxyl group in 9 was displaced with bromine using PBr3. The 

reaction was first carried out on a small scale and could be successfully reproduced 

at a larger scale to give a relatively good yield of about 70%. In addition, 

optimization by decreasing the reaction time from 1.5 hours to 30 minutes showed 

no effect on the reaction and resulted in even a higher percent yield of 10 than 

those reported in the reference.23 The product of this step is relatively sensitive to 

light. Therefore, the reaction had to be carried out with minimum light. The 

compound 10 was dissolved with CDCl3 to confirm the identity of the desired 

product by NMR (Figure 3.4).  The slightly shifted signal of 5.88 ppm (q, 1H) from that 

of the precursor at 5.45 ppm (qd, 1H) represents the proton on the carbon after the 

hydroxyl was replaced with bromine. The desired product was protected from light 

and stored in a refrigerator. 

 

 

 

Figure 3.4 1H NMR spectrum of compound 10. 
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3.1.4.  Synthesis of 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}ethan-1-ol 
(11) 
 

 
 

Reaction step 4 
 

It is essential that the reaction in step 4 was carried out with minimum light. 

Mercaptoethanol in aqueous sodium hydroxide solution was used to replace the 

bromine atom in compound 10. Under a basic condition both the sulfur atom of the 

thiol and the oxygen atom of the hydroxyl group would be deprotonated and can 

act as strong nucleophiles. In principle, sulfur is a stronger nucleophile since it is a 

larger atom than oxygen making its electrons more polarizable. When sulfur and 

oxygen atoms are both present in the same molecule such as in mercaptoethanol, it 

was envisaged that the sulfur atom, and not the oxygen counterpart, would undergo 

an SN2 reaction to displace the bromine. 

In the experiment, the degassed solution of starting compound 10 in 1,4-dioxane 

was transferred via cannula into the flask containing a mixture of mercaptoethanol 

solution and aq. NaOH under positive pressure of N2 gas. The reaction was performed 

in a freshly distilled THF and a new bottle of 1,4-dioxane for comparison.  The 

reactions in either polar aprotic solvent turned out to be successful. However, 

several by products were observed in THF while those in fresh 1,4-dioxane 

proceeded very cleanly without any by-products.  

Moreover, the reaction stirring time had been optimized. It was found that the 

reaction went to completion in about 6 h. It was not necessary to perform the 
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reaction overnight, as reported previously, without any compromise in the yield of 

the desired product 11. 1H NMR analysis was done in CDCl3 to confirm the identity of 

the desired product (Figure 3.5).   The signals at 3.65 ppm (m, 2H), 2.55 ppm (m, 2H), 

and 1.57 ppm (broad s, 1H) corresponded to methylene protons of the 

mercaptoethanol part. 

 

 

 

Figure 3.5 1H NMR spectrum of compound 11. 
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3.1.5. Synthesis of 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio) ethyl 
(4-nitrophenyl) carbonate (12)  

 
 

Reaction step5 
 

In order to synthesize the desired product, N,N′-disuccinimidyl carbonate (DSC) 

was added to a solution of compound 11 in acetonitrile followed by an addition of 

trimethylamine. It was anticipated that a nucleophilic acyl substitution reaction 

would occur to afford product 12.  However, the reaction following the literature 

reported procedure resulted in no reaction as only unreacted starting materials were 

recovered. Several other attempts in changing the solvent system from CH3CN to THF 

or 1,4-dioxane also failed to get the reaction going. Changing the base from DIPEA to 

TEA have also been carried out. Again, the starting material did not react. 

Alternatively, 4-nitrophenyl chloroformate had been used as a substitute for DSC. 

To a solution of compound 11 in acetonitrile was added 4-Nitrophenyl 

chloroformate in one portion followed by an addition of triethylamine. The reaction 

had proceeded very nicely, yielding the crude product compound 12.  

An additional optimization was to successfully decrease the reaction time from 

overnight to 6 h. The crude product using 4-nitrophenyl chloroformate as a reagent 

was thermally stable yet light sensitive. Storage in the dark is required. Exposure of 

the crude to light had to be kept minimum. Subsequent purification of the crude 

product with column chromatography resulted in pure compound 12 in 65%. 
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Compound 12 in CDCl3 was analyzed by 1H NMR spectroscopy to confirm the 

identity (Figure 3.6).  

 

 

 

Figure 3.6 1H NMR spectrum of compound 12. 
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3.1.6. Synthesis of (2S)-2-[(tert-Butoxycarbonyl)amino]-3-{[(2-{[1-(6-nitro 
benzo[d][1,3]dioxol-5-yl)ethyl]zzthio}ethoxy)carbonyl] amino} 
propanoic acid (13) 

 
 

Reaction step 6 
 

In step 6, at first attempts to treat a solution of 12 with Boc-Dap-OH failed to give 

the product. Boc-Dap-OH is an amino acid molecule that is a zwitterion. Therefore, 

the addition of a base is required to prepare a nucleophilic amino acid. DIPEA and 

TEA have been used as a base for comparison. It was observed that this procedure 

was successful when TEA was used. With DIPEA, the reaction was incomplete, and 

by-products were also obtained. On the other hand, as TEA is a slightly stronger 

base, the reaction proceeded to completion.  

The reaction occurred through a nucleophilic acyl substitution reaction where 

Boc-Dap-OH acts as a nucleophile to attack the acyl carbon of 12 by using NH2 group. 

Then TEA draws a proton of +NH2 to generate 13 (Figure 3.7). 
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Figure 3.7 The reaction mechanism of compound 13. 
 

Apart from that, the reaction time was decreased from overnight to 6 h to give 

compound 13 in comparable amount. Although the literature recommended that 

the crude material be subjected to pre-purification using the Biotage Isolute HM-N® 

sorbent, it was found that this is not necessary.  Compound 13 was obtained through 

column chromatographic purification in 94% yield. Figure 3.8 shows 1H NMR spectrum 

of 13. The chemical shifts at 5.99 ppm (s, 1H), 5.86 pp, (s, 1H),  4.17 ppm(s, 1H), 3.51 

ppm (s, 2H), 1.38 ppm (s, 9H) are characteristics of the Boc-DAP-OH part. 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 40 

 
 

Figure 3.8 1H NMR spectrum of compound 13. 
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3.1.7. Synthesis of (2S)-2-amino-3-{[(2-{[1-(6-nitrobenzo[d][1,3]dioxol-5-
yl) ethyl]thio}ethoxy) carbonyl]amino}propanoic acid (6) 
 

 

Reaction step 7 
 

In the last step, triethylsilane and trifluoroacetic acid were used to dispose of the 

Boc-group. For the reaction mechanism, the proton of TFA was pulled by carbonyl of 

the tert-butyl acetate group in 13, then loss of tert-butyl, which Et3SiH was using to 

stabilize a carbocation. The main structure converts to a stable form via 

decarboxylation and generates a -NH, then protonation by TFA to obtain compound 

6. It was found that to get a good yield of the desired DAP derivative (compound 6), 

the precipitate should not be allowed to dry at room temperature more than 1 night 

to avoid decomposition. Figure 3.9 shows a reaction mechanism of compound 6. 
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Figure 3.9 The reaction mechanism of compound 6. 
 

The structure of compound 6 was confirmed by 1H and 13C NMR 

spectroscopy. Ideally, the sample should be dissolved in deuterated methanol 

(methanol-d4) in the presence of deuterated trifluoroacetic acid. The latter would 

help increase compound solubility in methanol-d4.  Instead, a small amount of non-

deuterated trifluoroacetic acid was added to increase the solubility of the sample. 

No interference of the proton in TFA was observed in the range of chemical shifts of 
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interest. The 1H NMR spectrum is shown in Figure 3.10 to confirm the identity of the 

desired product.  

 
 

Figure 3.10 1H NMR spectrum of compound 6. 
 

13C DEPT 135 experiment (Figure 3.11) was used to confirm existing carbons. The 

CH3 and CH groups correspond positive signals, and the CH2 groups represent 

negative signals. On the spectrum, the chemical shifts at 107.40 ppm, 104.04 ppm, 

53.63 ppm, 38.44 ppm, and 21.69 ppm are positive signals of the CH and CH3 

carbons. The chemical shifts at 103.34 ppm, 64.16 ppm, 40.47 ppm, and 29.87 ppm 

represent negative signals of CH2 carbon. 
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Figure 3.11 13C NMR DEPT 135 spectrum of compound 6. 
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3.2. Genetic code expansion   

The experiments in this section were performed in collaboration with Mr. 

Bhumrapee Eiamthong and Ms. Piyachat Meesawat from Vidyasirimedhi Institute of 

Science and Technology.  

 

3.2.1. Genetic code expansion model system using BocK 
We first established a genetic code expansion system for a PET-degrading 

enzyme, Ideonella sakaiensis PETase (IsPETase), with an unnatural amino acid known 
to be efficiently incorporated into proteins. We chose Boc-protected lysine (BocK), as 
the initial unnatural amino acid to test, as BocK is incorporated efficiently in response 
to an amber codon (TAG) placed within a gene of interest by wild-type amber-
suppressor pyrrolysyl-tRNA synthetase/pyrrolysyl tRNA pair from Methanosarcina 
mazei 23. We selected the catalytic serine residue of PETase, Ser160, to be replaced 
with BocK; in the eventual system, Ser160 will be replaced with its amino analog 
DAP.  
 

An E. coli expression plasmid for IsPETase(Ser160TAG) was cloned on a 
pNHD1.3 backbone (a gift from Jason Chin, MRC LMB, UK). We previously observed 
limited solubility of wild-type IsPETase upon expression in E. coli; therefore, we 
included a protein solubility tag, a small ubiquitin-like modifier (SUMO) protein, with 
a cleavable TEV protease linker at the N-terminus of PETase (Ser160TAG), as well as a 
hexahistidine (His6) tag for affinity purification. We first cloned pNHD1.3-His6-SUMO-
IsPETase via PCR amplification of SUMO and PETase genes, followed by Gibson 
assembly of the PCR amplicons with the digested backbone. We then introduced the 
Ser160TAG mutation via site-directed mutagenesis. Construct sequences were 
confirmed by Sanger sequencing.  

 
We proceeded to test the expression of BocK-incorporated His6-SUMO-

IsPETase. We co-transformed E. coli BL21 with pNHD1.3-His6-SUMO-IsPETase 
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(Ser160TAG) and pKW-pylRS/pylT, the latter containing expression cassettes for 
Methanosarcina mazei pyrrolysyl-tRNA synthetase/pyrrolysyl tRNACUA. We supplied 1 
mM BocK with the cell growth media, and once the cells reached OD600  of 0.5-0.6, 
added 1mM IPTG for 4 hours at 37 °C. Cells were then lysed, and their protein 
contents analyzed with Coomassie Blue staining and anti-His6 western blotting. The 
expression analysis is as shown in Figure 3.12. We only observed under Coomassie 
and anti-His6 blot the production of full-length His6-SUMO-IsPETase(Ser160TAG), ~44 
kD in size, in the presence of the pKW plasmid, BocK amino acid, and IPTG inducer. A 
lot of truncated His6-SUMO-IsPETase(Ser160TAG) was also observed upon addition of 
IPTG in the absence of BocK; the size of the truncated protein (~30 kD) is consistent 
with translation termination, a natural process which competes with genetic code 
expansion, at the TAG160 position. While further optimizations are needed to 
maximize the yield of full-length SUMO-PETase, this initial genetic code expansion 
experiment confirmed that we can produce a PET-degrading enzyme IsPETase with 
an introduced unnatural amino acid at the catalytic serine position.  
 

 

Figure 3.12 SDS-PAGE and Western blot analysis of genetic code expansion of 
Ideonella sakeiensis PETase (Ser160TAG).   
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(a) SDS-PAGE analysis of His6-SUMO-IsPETase(S160TAG) expression. (b) anti-His6 

western blotting. 

 

3.2.2. Genetic code expansion of a PET degrading enzyme encoded with 
DAP 

During our investigations of BocK-dependent expression of IsPETase, we 

discovered a new PET-degrading enzyme from human saliva microbiome, which 

showed higher efficiency than IsPETase in PET degradation under a variety of 

conditions. We envisioned that the higher degradation activity of the new enzyme 

would also be beneficial for PET detection applications of a DAP-incorporated PET-

degrading enzyme.  We therefore switched our PET-degrading enzyme platform from 

IsPETase to this new enzyme, tentatively called MG8. We found that MG8 has higher 

solubility than IsPETase, obviating the need to use the solubility tag such as SUMO 

upon protein expression. The DNA sequence encoding the putative PET-degrading 

enzyme MG8 was custom-synthesized, then cloned into pNHD1.3 via restriction 

digestion with NdeI and XhoI. The catalytic serine of MG8, Ser185, was then mutated 

to TAG using site-directed mutagenesis. All constructs were verified by Sanger 

sequencing.  

To express DAP-incorporated His6-MG8, we co-transformed E. coli BL21 with 

pNHD1.3-His6-MG8(Ser185TAG) and pMB1-DapRS/pylT, the latter containing expression 

cassettes for Methanosarcina mazei pyrrolysyl-tRNA synthetase mutant specific for 

DAP and an amber-suppressor pyrrolysyl tRNACUA. We supplied 100 µM DAP derivative 

(compound 6) to the cell growth media, and grew cells in the dark once compound 

6 was added. Once the cells reached OD600 of 0.5-0.6, we added 1mM IPTG for 20 

hours at 37 °C. Cells were then lyzed, and the extracted proteins purified by affinity 

chromatography (nickel-nitrilotriacetic acid resin) under urea-induced denaturing 

condition to maximize the amount of soluble proteins. After elution with imidazole-

containing buffer and confirmation of the presence of the desired protein within 
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collected fractions by SDS-PAGE, we dialyzed desired protein fractions into a buffer 

containing 25 mM Tris-HCI, pH 7.5, and 150 mM NaCl for refolding. We obtained 

putative high-purity MG8(Ser185-DAP derivative) as shown on SDS-PAGE analysis 

(Figure 3.13).  

 

 
 

Figure 3.13 SDS-PAGE analysis of PET degrading enzyme (MG8)-DAP derivative  
(compound 6) was expressed into E. coli BL21 (Coomassie stain) 
Lane 1(M): A Maker. Lane 2 (P): A pure PET degrading enzyme (MG8). Lane 3 (P+D): All 

combination of required components for genetic code expansion of PET degrading 

enzyme and DAP derivative resulting in a preferred protein was observed (around 33-

34 kDa). 

 

We further confirmed successful DAP derivative incorporation on MG8 by 

MALDI-TOF Mass Spectrometer (Figure 3.14). MG8 with incorporated DAP derivative 

(compound 6) showed consistent increase in molecular weight as a result of the 
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large DAP derivative amino acid (observed 34,093.95 ± 21.04; predicted 34,089.4) 

compared to wild-type MG8 (observed 33,794.3 ± 0.5; predicted 33,791.4). This mass 

spectrometric experiment also confirmed that the DAP derivative, compound 6, 

which was synthesized using modified protocols from an establish procedure, 

remains fully functional for genetic code expansion.  
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Figure 3.14 DAP derivative (compound 6) in PET-degrading modified enzyme 
followed by MALDI.  
(a-c), pure PET-degrading enzyme: expected molecular mass 33,791.36; observed 

33,794.3 ± 0.51. (d-f), PET-degrading modified enzyme encoded with DAP derivative: 

expected 34,089.40; observed 34,093.95 ± 21.04. The experiment was performed in 

three biological replicates with similar results.                           

 
We still need to verify that the DAP derivative on MG8 can be efficiently 

deprotected by UV light to generate the desired MG8-DAP. The light-mediated 

deprotection mechanism is illustrated in Figure 3.15. First, the 6-nitropiperonulmethyl 

group of the protecting moiety is cleaved by UV light irradiation at 365 nm. 

Intramolecular cyclization to evict episulfide and carbon dioxide molecules is then 

promoted by incubating the light-treated protein with 5 mM dithiothreitol (DTT) at 

pH 8.5. We will confirm the successful deprotection of the DAP derivative to generate 

MG8-DAP with MALDI-TOF.  
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Figure 3.15 Encoded compound 6 was photo-deprotected  
leading to an intermediate, which spontaneously fragments under nucleophilic 

conditions to reveal DAP. 

 

We further confirmed that compound 6 incorporated into the MG8 enzyme 

can be deprotected by light to generate DAP. Upon UV irradiation for 1 min followed 

by incubation in the presence of DTT at pH 8.5 overnight, the molecular weight of 

MG8 containing DAP could be observed by MALDI-TOF Mass Spectrometer (Figure 

3.16). MG8 with incorporated DAP showed a consistent decrease in molecular weight 

because of the removal of the protecting group. 
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Figure 3.16 Deprotection of DAP derivative (compound 6)  
in PET-degrading modified enzyme(MG8) followed by MALDI, observed 33,786.67± 

7.07; predicted 33,790.36. 

 
 
3.3 Detection of PET microplastic by using a new PET degrading enzyme (MG8) 
encoded with DAP  
 We configured an assay utilizing DAP-incorporated MG8 to detect PET primary 

microplastic, via fusion of DAP-incorporated MG8 to a split green fluorescent protein 

(GFP) system. Here, MG8-DAP was expressed as a fusion to GFP11, a smaller fragment 

of the split GFP system. Addition of the large fragment of split GFP, called GFP1-10, 

allows reconstitution of the beta-barrel structure of GFP and fluorophore maturation.  

We proceeded to test the detection with PET powder (~2 mm) incubated with 7.59 

µM of DAP-incorporated MG8-GFP11 in 50 mM Tris-HCl, pH 9.0, 5M NaCl at 50 °C, 

which we replenished three times over for 5h. Addition of GFP1-10 to allow GFP to 

reconstitute was performed at 37 °C for 24 h, with 5 mg/mL BSA added as a blocking 

reagent. GFP fluorescence from MG8-DAP-labeled PET primary microplastic can be 
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visualized by naked eye upon excitation with a blue LED illuminator (Figure 3.17). In 

contrast, MG8-DAP inactivated with a pan-serine hydrolase inhibitor, PMSF, showed 

minimal fluorescence at background levels, comparable to a blank (omit enzyme) 

control. Figure 3.18 shows fluorescence intensity quantification of PET primary 

microplastic labeled with GFP through MG8-DAP, which exhibited ~35-fold increase in 

fluorescence intensity compared to control reactions.   

 

 

 

Figure 3.17 PET primary microplastic detection with MG8-Ser185DAP.  
(a) and (b) control reactions with no enzyme added, and PMSF-inactivated MG8-

Ser185DAP, respectively. (c) GFP fluorescence from GFP-labeled microplastic via 

MG8-DAP. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 55 

 

 

Figure 3.18 Quantification of fluorescence intensity from the three conditions  
from Figure 3.18. Reactions for each condition were performed in triplicate. Error 

bars, +/- SD. Black bar, no enzyme control; orange bar, PMSF-inactivated MG8-DAP 

control; blue bar, MG8-DAP. 

 

3.4. Summary  
The synthesis and optimization of 2,3-diaminopropionic acid derivative 

(Compound 6) was carried out using a method of Nicolas Huguenin-Dezot's23 with a 

major modification in some steps and slight modification in others. The desired 

compound was successfully synthesized in seven steps. We then used compound 6 

successfully in genetic code expansion experiments in E. coli to produce a PET-

degrading enzyme modified with a DAP derivative at its catalytic site.  
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CHAPTER IV 
CONCLUSION 

 
The synthesis and optimization of (2S)-2-amino-3-{[(2-{[1-(6-nitrobenzo[d] 

[1,3]dioxol-5-yl)ethyl] thio}ethoxy)carbonyl] amino}propanoic acid (compound 6) was 

successfully carried out. The methods of Huguenin-Dezot's23 was utilized with some 

major modifications to give the target compound in seven steps and 7 % overall 

yield and a much shorter time. The compounds from step 3 onwards are sensitive to 

light. Therefore, they were carefully handled and exposure to light was minimized.  

The target compound 6 is a derivative of DAP, which has been reported to be 

able to trap acyl-enzyme intermediates through a stable amide linkage upon 

incorporation into proteins to place their catalytic residues such as serine and 

cysteine, via genetic code expansion. Therefore, once the PET degrading enzyme is 

encoded with DAP derivative or compound 6, then the degradation process is 

blocked. We were using this trapping acyl-enzyme intermediate to detect PET plastic 

combined staining method and fluorescence spectroscopy. We set up genetic code 

expansion systems for two PET-degrading enzymes—Ideonella sakeiensis PETase and 

a newly discovered MG8 enzyme—and demonstrated BocK unnatural amino acid 

incorporation in the former, and DAP derivative incorporation in the latter. Once 

light-mediated deprotection of the 6-nitropiperonulmethyl group on the DAP 

derivative on the PET-degrading enzyme is confirmed, the system will be poised for 

use for PET microplastic detection. To detect PET plastics, we envision an assay akin 

to enzyme-linked immunosorbent assay (ELISA) where the DAP-modified PET-

degrading enzyme, which can now covalently capture PET plastics, would replace 

the conventional antibodies and other antigen-binding molecules used in these 

assays.  

Beyond PET microplastic detection, DAP-modified PET-degrading enzymes 

have several other utilities which we plan to explore. The ability to capture the acyl-
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enzyme intermediate of a PET-degrading enzyme would provide a unique PET 

plastic-PET degrading enzyme complex for structural characterizations; currently, no 

enzyme-substrate complex of PET-degrading enzymes has been reported. DAP-

modified PET-degrading enzymes also have the ability to directly functionalize PET 

plastics, via genetic fusion of desired cargoes onto the enzyme gene. We envision 

appending diverse cargoes—including fluorescent reporters, metabolite or metal 

sensors, and genetic material sensors, directly onto PET, and convert such plastics 

into versatile sensors for diverse applications.  
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Figure A-1 13C NMR spectrum of 4',5'-methylenedioxy-2'-nitroacetophenone (8) 
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Figure A-2 1H NMR spectrum of 4',5'-methylenedioxy-2'-nitroacetophenone (8) 
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Figure A-3 13C NMR spectrum of 1-[4',5'-(Methylenedioxy)-2'-nitrophenyl]ethanol (9) 
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Figure A-4 1H NMR spectrum of 1-[4',5'-(Methylenedioxy)-2'-nitrophenyl]ethanol (9) 
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Figure A-5 13C NMR spectrum of 1- bromo-1-[4',5'-(methylenedioxy)-2'-nitrophenyl] 
ethane (10) 
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Figure A-6 1H NMR spectrum of 1- bromo-1-[4',5'-(methylenedioxy)-2'-nitrophenyl] 

ethane (10) 
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Figure A-7 13C NMR spectrum of 2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}  
ethan-1-ol (11) 
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Figure A-8  1H NMR spectrum of  2-{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}  
ethan-1-ol (11) 
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Figure A-9 13C NMR spectrum of 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio)ethyl  
(4-nitrophenyl) carbonate (12) 
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Figure A-10  1H NMR spectrum of 2-((1-(6-nitrobenzo[d][1,3]dioxol-5-yl)ethyl)thio) 
ethyl (4-nitrophenyl) carbonate (12) 
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Figure A-11 13C NMR spectrum of (2S)-2-[(tert-Butoxycarbonyl)amino]-3-{[(2-{[1-(6- 
nitrobenzo [d][1,3]dioxol-5-yl)ethyl] thio}ethoxy)carbonyl]amino}propanoic acid (13) 
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Figure A-12 1H NMR spectrum of (2S)-2-[(tert-Butoxycarbonyl)amino]-3-{[(2-{[1-(6- 
nitrobenzo [d][1,3]dioxol-5-yl)ethyl] thio}ethoxy)carbonyl]amino}propanoic acid (13) 
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Figure A-13 13C NMR spectrum of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo[d][1,3]dioxol-5  
yl)ethyl]thio}ethoxy) carbonyl]amino}propanoic acid (6) 
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Figure A-14 13C NMR DEPT 135 spectrum of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo 
[d][1,3]dioxol-5 yl)ethyl]thio}ethoxy) carbonyl]amino}propanoic acid (6) 
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Figure A-15 1H NMR spectrum of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo[d][1,3]dioxol-5  
yl)ethyl]thio}ethoxy) carbonyl]amino}propanoic acid (6) 
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Figure A-16 Solid sample DART-MS of (2S)-2-amino-3-{[(2-{[1-(6- nitrobenzo[d] 
[1,3]dioxol-5 yl)ethyl]thio}ethoxy) carbonyl]amino}propanoic acid (6) at 300 °C 
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Figure A-17 Liquid sample (15 mg in MeOD (5%TFA)) DART-MS of (2S)-2-amino-3-{[(2-
{[1-(6-  nitrobenzo[d] [1,3]dioxol-5 yl)ethyl]thio}ethoxy) carbonyl]amino} propanoic 
acid (6) at 200 °C 
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Figure A-18 Liquid sample (15 mg in MeOD (5%TFA)) DART-MS of (2S)-2-amino-3-{[(2-
{[1-(6- nitrobenzo[d][1,3]dioxol-5yl)ethyl]thio}ethoxy)carbonyl]amino}propanoicacid (6) 
at 250 °C 
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Figure A-19 Liquid sample (15 mg in MeOD (5%TFA)) DART-MS of (2S)-2-amino-3-{[(2-
{[1-(6- nitrobenzo[d] [1,3]dioxol-5 yl)ethyl]thio}ethoxy) carbonyl]amino} propanoic 
acid  (6) at 300 C 
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Figure A-20 FTIR spectrum of 4',5'-methylenedioxy-2'-nitroacetophenone (8) 
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Figure A-21 FTIR spectrum of 1-[4',5'-(methylenedioxy)-2'-nitrophenyl]ethanol (9) 
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Figure A-22 FTIR spectrum of 1-bromo-1-[4',5'-(methylenedioxy)-2'-nitrophenyl]  
ethanel (10) 
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Figure A-23 FTIR spectrum of -{[1-(6-Nitrobenzo[d][1,3]dioxol-5-yl)ethyl]thio}ethan-1-
ol (11) 
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Figure A-24 Sequence: M_pNHD1.3 His-SUMO nosigPETase-S160tag.dna  
(Circular / 6975 bp) : total 8 Primers 
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