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Abstract 

Background Among the polyhydroxyalkanoate (PHA), poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] 
[P(3HB-co-3HHx)] is reported to closely resemble polypropylene and low-density polyethylene. Studies have shown 
that PHA synthase (PhaC) from mangrove soil  (PhaCBP-M-CPF4) is an efficient PhaC for P(3HB-co-3HHx) production 
and N-termini of PhaCs influence its substrate specificity, dimerization, granule morphology, and molecular weights 
of PHA produced. This study aims to further improve  PhaCBP-M-CPF4 through N-terminal truncation.

Results The N-terminal truncated mutants of  PhaCBP-M-CPF4 were constructed based on the information of the pre-
dicted secondary and tertiary structures using PSIPRED server and AlphaFold2 program, respectively. The N-terminal 
truncated  PhaCBP-M-CPF4 mutants were evaluated in C. necator mutant  PHB−4 based on the cell dry weight, PHA 
content, 3HHx molar composition, molecular weights, and granule morphology of the PHA granules. The results 
showed that most transformants harbouring the N-terminal truncated  PhaCBP-M-CPF4 showed a reduction in PHA 
content and cell dry weight except for  PhaCBP-M-CPF4 G8.  PhaCBP-M-CPF4 G8 and A27 showed an improved weight-aver-
age molecular weight (Mw) of PHA produced due to lower expression of the truncated  PhaCBP-M-CPF4. Transformants 
harbouring  PhaCBP-M-CPF4 G8, A27, and T74 showed a reduction in the number of granules.  PhaCBP-M-CPF4 G8 produced 
higher Mw PHA in mostly single larger PHA granules with comparable production as the full-length  PhaCBP-M-CPF4.

Conclusion This research showed that N-terminal truncation had effects on PHA accumulation, substrate specific-
ity, Mw, and granule morphology. This study also showed that N-terminal truncation of the amino acids that did 
not adopt any secondary structure can be an alternative to improve PhaCs for the production of PHA with higher Mw 
in mostly single larger granules.

Keywords Polyhydroxyalkanoate synthase, Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), N-terminal truncation, 
Molecular weights, phaC gene expression, PHA granule morphology

Background
Polyhydroxyalkanoate (PHA) is one of the bioplastics 
that are capable of replacing the current commercial 
petroleum-based plastic in certain applications with the 
advantage of being biodegradable at the same time [1, 2]. 
PHAs usually accumulate in the cytoplasm of most bac-
teria and archaea under the condition where there is an 
excess amount of carbon and limited nutrients like nitro-
gen [3]. Among the PHAs, poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) [P(3HB-co-3HHx)] is known to 
have properties similar to low-density polyethylene 
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(LDPE) and polypropylene (PP) [2]. The properties of the 
P(3HB-co-3HHx) produced vary depending on the molar 
composition of the 3HHx [4].

Among the genes involved in PHA biosynthesis, phaC 
is the most important gene because it encodes for PHA 
synthase (PhaC), the key enzyme in PHA biosynthesis 
by polymerizing the monomeric substrates [5]. PhaC 
determines the properties of the PHA produced as 
PhaCs can have different substrate specificities toward 
different monomers. The incorporation of different 
monomer compositions will affect the properties of the 
PHA produced [5–10]. Additionally, PhaCs play a role 
in determining the molecular weights of the PHA pro-
duced, as different PhaCs accumulate PHAs of differ-
ent molecular weights. Molecular weights can affect the 
mechanical properties of the PHA produced [11–16]. 
Generally, it was reviewed that the higher the 3HHx 
molar composition, the lower the molecular weights 
of the P(3HB-co-3HHx) produced [4]. However, it was 
reported that although PhaC from Chromobacterium 
sp. USM2  (PhaCCs) had lower 3HHx incorporation com-
pared to PhaC isolated from mangrove soil metagenome 
 (PhaCBP-M-CPF4), the molecular weights of the P(3HB-co-
3HHx) produced by  PhaCCs was very much lower com-
pared to that of  PhaCBP-M-CPF4 [16]. This report further 
highlights the importance of PhaCs in determining the 
molecular weights of the PHA produced regardless of its 
monomer composition.

The criterion of an efficient PhaC for the production of 
P(3HB-co-3HHx) is the ability to incorporate the desired 
amount of 3HHx molar composition while not com-
promising the weight-average molecular weight (Mw). 
Higher Mw PHA with certain amount of 3HHx is desired 
as it contributes to better physical and mechanical prop-
erties like better tensile strength and extension to break 
[17, 18]. Having the right 3HHx molar composition is 
also necessary as it can lower the melting temperature of 
the PHA, lowering the processing temperature. However, 
there is just a handful of efficient PhaCs for the produc-
tion of P(3HB-co-3HHx) like  PhaCBP-M-CPF4, PhaC from 
Rhodococcus aetherivorans I24  (PhaCRa), PhaC from 
Aeromonas hydrophila 4AK4  (PhaCAh), PhaC from Aero-
monas sp. LFM897  (PhaCAs), and PhaC from Aeromonas 
caviae  (PhaCAc) have shown promise in this regards [8, 
19–22]. Besides isolating a naturally-evolved PhaC with 
broad substrate preferences, protein engineering includ-
ing single and multiple point mutations were employed 
on  PhaCAc for better 3HHx incorporation and produc-
tion of higher molecular weight copolymers of P(3HB-
co-3HHx) [23, 24]. Apart from being able to accumulate 
P(3HB-co-3HHx) with desired 3HHx molar composi-
tion and high molecular weights, accumulating PHAs in 
single large granules is also desired as it will ease the 

downstream processes of PHA extraction and purifica-
tion [25, 26]. Currently, metabolic engineering of PhaPs 
is the most common way of manipulating the number 
and size of PHA granules. Previous studies had shown 
that overexpression of phaPs can lead to the increment 
in number of smaller PHA granules, and expression of 
phaPs from various organisms in different hosts may lead 
to larger PHA granule and affecting the Mw of PHA pro-
duced [9, 27].

The structure of a PhaC can be divided into 2 parts: the 
N-terminal and the C-terminal domains. Early researches 
suggested that based on the multiple sequence align-
ment of well-reported PhaCs, the N-terminal region of a 
PhaC is approximately the first 100 amino acids as they 
are highly variable and flexible [5, 6]. Furthermore, the 
N-terminal region is also highly flexible as it hinders the 
crystallization process of protein crystals [6]. However, 
the crystal structure of PhaCs from Cupriavidus neca-
tor H16  (PhaCCn) and  PhaCCs later suggested that the 
N-terminal of PhaCs may vary between different PhaCs. 
The N-terminal of  PhaCCn and  PhaCCs were suggested to 
be the first 200 and 174 amino acids respectively, as the 
PhaCs were able to crystalize and remain stable without 
them [28]. On the other hand, the C-terminal of PhaCs 
was reported to consist of the cap subdomain, substrate 
entrance channel, and product egress channel [6, 29–32]

To date, there are reports regarding the N-terminal of 
a PhaC affecting the substrate specificity and molecular 
weights of the PHA produced [33, 34]. Studies on chi-
meric PhaC of  PhaCCn with various N-terminal lengths 
of PhaC from Pseudomonas aeruginosa  (PhaCPa) were 
performed. As a result, chimeric PhaC of  PhaCCn and 
 PhaCPa was observed to incorporate 3HHx whereas 
the wild-type  PhaCCn  do not [35]. In addition, Lim and 
co-workers reported that the N-terminal of PhaC was 
needed for the dimer formation of PhaCs [36]. Despite 
decades of advancements in PhaC research, the exact 
functional roles of N-terminal domain of PhaC remain 
elusive. In this study, the N-terminal of  PhaCBP-M-CPF4 
will be truncated according to its predicted secondary 
and tertiary structure and evaluated based on its incor-
poration of 3HHx monomer, the molecular weights of 
the PHA produced, and granule morphology for a bet-
ter PhaC in the production of P(3HB-co-3HHx) copoly-
mer. Gene expression study was performed to study 
how N-terminal region truncation affects the molecular 
weights of P(3HB-co-3HHx) produced.

Methods
Bacterial strain, plasmid, and PHA biosynthesis condition
In this study, the PHA-negative mutant strain of C. 
necator,  PHB−4 was used as the host strain for the 
evaluation of the N-terminal truncated  PhaCBP-M-CPF4. 
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The N-terminal truncated phaCBP-M-CPF4 mutants (G8; 
8–551, A27; 27–551, T74; 74–551, and D104; 104–551) 
were inserted into previously modified pBBR1MCS-2 
plasmid which harbours the phaC1 promoter from 
C. necator (Table 1) [8]. The C. necator transformants 
were first pre-cultured in nutrient-rich (NR) media 
until  OD600nm reaches 4–4.5 before transferring 3% 
(v/v) of the preculture into 50  mL mineral medium 
(MM) [11, 20]. The carbon sources used in this study 
were 1% (v/v) of crude palm kernel oil (CPKO) or 2% 
(w/v) of fructose supplemented by 0.054%  (w/v) of 
urea as the nitrogen source. Kanamycin was added 
during the cultivation of C. necator transformants to 
the final concentration of 50 µg/mL. The cultures were 
then shaken at 200 rpm, 30 °C for 48 h. After 48 h, the 
cultures were harvested. The harvested cells were then 
lyophilized before use for further analysis [37].

PHA synthase structure prediction
The amino acid sequence of  PhaCBP-M-CPF4 (accession 
no. AXB72506.1) was first obtained from National 
Center for Biotechnology Information (NCBI) (https:// 
www. ncbi. nlm. nih. gov/ prote in/ 14234 52970). The ter-
tiary structure and secondary structure of amino acid 
sequence obtained was then predicted using Alpha-
Fold2 program (https:// www. ebi. ac. uk/ Tools/ sss/ 
fasta/) and PSIPRED server (http:// bioinf. cs. ucl. ac. uk/ 
psipr ed/), respectively.

Construction of C. necator  PHB−4 mutant harbouring 
N‑terminal truncated  PhaCBP‑M‑CPF4
The full nucleotide sequence of  PhaCBP-M-CPF4 (acces-
sion no. MF431721.1) from a plasmid in a previous study 
(pBBR1-CBP-M-CPF4) was used as the template for poly-
merase chain reaction (PCR) to amplify the N-terminal 
truncated mutants (G8, A27, T74, and D104) using Q5® 
High-Fidelity 2 × Master Mix (New England Biolabs 
Inc., USA). The primers designed for the amplifica-
tion of the N-terminal truncated  PhaCBP-M-CPF4 mutants 
were listed in Table  2. For all the N-terminal truncated 
mutants, sequence of “ATG” was added in the starting of 
the sequence as the start codon which codes for methio-
nine. The PCR products of the N-terminal truncated 
 PhaCBP-M-CPF4 mutants were then digested using Fast-
Digest HindIII and ApaI restriction enzymes (Thermo 
Scientific, USA). The vector of this study, pBBR1-ProCn 
was also digested with similar restriction enzymes. The 
expression of phaCBP-M-CPF4 with its N-terminal region 
truncated mutants were controlled by the native phaC1 
promoter of C.  necator [8]. The PCR products were 
ligated with the digested pBBR1-ProCn using DNA Liga-
tion Kit Ver.2.1 (Takara Bio Inc., Japan) according to the 
manufacturer’s protocol, and the resultant plasmids were 
transformed into C. necator  PHB−4 via transconjugation 
with Escherichia coli S17-1 [40].

Analysis of the PHA produced by C. necator  PHB−4
The PHA content and molar composition of the PHA 
produced by the C. necator  PHB−4 transformants 

Table 1 List of strains, and plasmids used in this study

Strain or plasmid Description Reference or source

Strains

 C. necator  PHB−4 C. necator with nonsense mutation of phaC1Cn at the 107th amino acid DSM 541

 E. coli DH5α General cloning strain.  F−  l− deoR supE44 hsdR17(rK−  mK+) phoA recA1 endA1 gyrA96 thi-1 relA1 
D(lacZYA-argF) U169 f80dlacZDM15

Toyobo

 E. coli S17-1 E. coli strain for transconjugation of the plasmid into C. necator. recA, tra genes of plasmid RP4 inte-
grated into the chromosome, auxotrophic for proline and thiamin

[38]

Plasmids

 pBBR1MCS2 Broad-host-range cloning vector  Kmr, mob, lacZα [39]

 pBBR1-ProCn pBBR1MCS2 plasmid containing phaC1 promoter from C. necator [8]

 pBBR1-CBP-M-CPF4 pBBR1MCS2 plasmid harbouring the phaC1 promoter of C. necator controlling the expression 
of phaCBP-M-CPF4

[8]

 pBBR1-CBP-M-CPF4 G8 pBBR1MCS2 plasmid harbouring the phaC1 promoter of C. necator controlling the expression 
of phaCBP-M-CPF4 8–551 amino acids

This study

 pBBR1-CBP-M-CPF4 A27 pBBR1MCS2 plasmid harbouring the phaC1 promoter of C. necator controlling the expression 
of phaCBP-M-CPF4 27–551 amino acids

This study

 pBBR1-CBP-M-CPF4 T74 pBBR1MCS2 plasmid harbouring the phaC1 promoter of C. necator controlling the expression 
of phaCBP-M-CPF4 74–551 amino acids

This study

 pBBR1-CBP-M-CPF4 D104 pBBR1MCS2 plasmid harbouring the phaC1 promoter of C. necator controlling the expression 
of phaCBP-M-CPF4 104–551 amino acids

This study

https://www.ncbi.nlm.nih.gov/protein/1423452970
https://www.ncbi.nlm.nih.gov/protein/1423452970
https://www.ebi.ac.uk/Tools/sss/fasta/
https://www.ebi.ac.uk/Tools/sss/fasta/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
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harbouring full-length  PhaCBP-M-CPF4 and its N-ter-
minal truncated mutants were determined using gas 
chromatography (GC) [41]. The GC was first calibrated 
using chloroform extracted homopolymer of P(3HB) 
and copolymer of P(3HB-co-11 mol% 3HHx). A total of 
15 to 20 mg of lyophilized cells were weighed and sub-
jected to methanolysis by heating them to 100  °C for 
140  min in the methanolysis solution containing 15% 
(v/v) sulfuric acid and 85% (v/v) methanol. Caprylic 
acid methyl ester (CME) was used as an internal stand-
ard to calculate the PHA content in the lyophilized 
cells. The PHA produced were analyzed using SHI-
MADZU GC-2010 Plus (Shimadzu, Japan) equipped 
with AOC-20i Auto-injector (Shimadzu, Japan), Rtx-1 
GC column (Restek, USA) and flame ionization detec-
tor with nitrogen gas as carrier gas. The injector and 
detector temperatures were set to 270  °C and 280  °C 
respectively. The column temperature was initially set 
at 70  °C but gradually increased to 280  °C at a rate of 
10 °C/min.

The PHA accumulated in the lyophilized cells was 
extracted using the solvent extraction method. The 
lyophilized cells were weighed, and chloroform was 
added to a ratio of 1  g lyophilized cells: 100  mL chlo-
roform. The mixture was stirred for 72  h at room 
temperature. The mixture was then filtered using fil-
ter paper to remove the cell debris and the chloro-
form-dissolved PHA was precipitated using chilled 
methanol. The weight-average molecular weight (Mw), 
number-average molecular weight (Mn), and poly-
dispersity index (PDI) of the PHA accumulated were 
determined through gel permeation chromatography 
(GPC) analysis. About 1  mg of PHA was dissolved in 
1 mL of HPLC-grade chloroform and injected into the 
Agilent Technology 1200 Series High-Performance Liq-
uid Chromatography (HPLC) system (Agilent, USA) 
equipped with a refractive index detector. The columns 
were TSK guard column  HHR-H and TSKgel GMH HR-H 

(Tosoh, Japan). The flow rate was set to 0.8 mL/min and 
the column temperature was maintained at 40 °C [42].

Total RNA extraction and quantitative PCR (qPCR)
The effect of N-terminal truncation on the PhaC expres-
sion was also analyzed using qPCR analysis. The C. neca-
tor  PHB−4 harbouring the full-length of  PhaCBP-M-CPF4, 
and its N-terminal truncated mutants were cultured in 
PHA biosynthesis condition as described in previously 
using 2% (w/v) of fructose and 0.054% (w/v) of urea as 
the nitrogen source. Unlike previously, the bacterial 
cells were harvested at 24 h [43]. The bacterial cells were 
washed and resuspended in 10 mL of sterilized deionized 
water. About 1  mL of the suspension was centrifuged 
to obtain its pellet. The pellet was then resuspended in 
200 µL of enzymatic lysis buffer containing 20 mg/mL of 
lysozyme dissolved in a mixture of 20 mM Tris–Cl (pH 
8.0), 2 mM sodium EDTA, and 1.2% Triton® X-100. The 
suspension was incubated for 1  h at 37  °C. After that, 
25  µL of Proteinase K (Thermo  Scientific, USA) was 
added and mixed by pipetting. The mixture was incu-
bated at 56 °C for 30 min. The total RNA was separated 
from other cellular components using TRI REAGENT®-
RNA/DNA/PROTEIN ISOLATION REAGENT and 
done according to the manufacturer’s protocol and 
further purified using RNeasy® Mini Kit according to 
the modified manufacturer’s protocol. The total RNA 
concentration was determined using BioSpectrom-
eter® (Eppendorf, Germany) equipped with Eppendorf 
µCuvette G1.0 (Eppendorf, Germany). The total RNA 
extracted was stored at − 80 °C before use.

A total of 1000  ng of the extracted total RNA was 
converted to cDNA using QuantiNova™ Reverse Tran-
scription Kit (Qiagen, Germany) according to the 
manufacturer’s protocol. Primer efficiency and qPCR 
analysis were done with QuantiNova™ SYBR Green PCR 
Kit (Qiagen, Germany) using CFX96™ Real-Time System 
(Biorad, USA) according to the manufacturer’s protocol 

Table 2 List of primers used in this study

The bold letters represent the restriction site. The ribosome binding site is underlined

Primer Sequence Source or reference

HindIII_RBS_PhaC_BP-M-CPF4_G8_Fwd AGT AAG CTT  CAA AGG AGG GAA AGT  ATG GGG AAA ACA GGT GAT TTG TGG TCAT This study

HindIII_RBS_PhaC_BP-M-CPF4_A27_Fwd AGT AAG CTT  CAA AGG AGG GAA AGT  ATG GCC GCG GCA CAG ATT CAGCA This study

HindIII_RBS_PhaC_BP-M-CPF4_T74_Fwd AGT AAG CTT  CAA AGG AGG GAA AGT  ATG ACG GAA AAC ATG GCC GCCGA This study

HindIII_RBS_BP-M-CPF4_D104_Fwd AGT AAG CTT  CAA AGG AGG GAA AGT  ATG GAT CCC GAT CTG CAC GAAC This study

ApaI_PhaC_BP-M-CPF4_Rev ATT GGG CCC  CTA CTT CTC CAA AAC GTA CGT This study

qPCR_ PhaC_BP-M-CPF4_Forw CAC CAC CCA CCA GGA TTT CAGC This study

qPCR_ PhaC_BP-M-CPF4_Rev GTA ATT CCA TAG CAG GTC ATT GGC CCG This study

qPCR_16S_Forw GTG GCG AAC GGG TGA GTA ATA CAT CG This study

qPCR_16S_Rev CCA GCT ACT GAT CGT CGC CTTGG This study
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before determining the expression of phaCBP-M-CPF4, and 
its N-terminal truncated mutants. The primers used for 
qPCR analysis were listed in Table 2. The condition of the 
qPCR was optimized until primer efficiency values were 
in the range of 90 to 110%. A total of 75 ng of cDNA was 
mixed with 0.7 µL of 10 µM of forward and reverse prim-
ers, 5  µL of SYBR Green PCR Master Mix, and RNase-
free water was added until the total volume of 10 µL. The 
PCR reaction was done at 95  °C for 5 min as the initial 
activation step, followed by 40 cycles of denaturation of 
the cDNA at 95  °C for 10 s, annealing, and extension at 
60  °C for 30  s. The data obtained from the qPCR were 
analysed using the relative quantification method where 
it was expressed as fold change between the phaCBP-M-

CPF4 (control) and its N-terminal truncated mutants. 16S 
rRNA was used as an internal control. The cycle thresh-
old (Ct) was obtained, and the relative comparison of the 
truncated mutants to the full-length phaCBP-M-CPF4 was 
analysed using the  2−ΔΔCt formula [44, 45].

mRNA secondary structure prediction
The mRNA secondary structure of the transcribed 
phaCBP-M-CPF4 was also determined. First, the tran-
scription start site in the C. necator promoter from the 
pBBR1-ProCn was predicted using SAPPHIRE online 
software (https:// sapph ire. biw. kuleu ven. be/ index. php) 
[46]. The nucleotide sequence starting from transcrip-
tion start site until the end of full-length phaCBP-M-CPF4 
was converted to mRNA sequence using DNA to mRNA 
to Protein Converter (https:// skami nsky1 15. github. io/ 
nac/ DNA- mRNA- Prote in_ Conve rter. html). The mRNA 
sequence obtained was input into RNAfold online soft-
ware (http:// rna. tbi. univie. ac. at/ cgi- bin/ RNAWe bSuite/ 
RNAfo ld. cgi) for predicting its secondary structure [47].

Determination of the number and diameter of granules 
in each bacterial cell
The change in the granule morphology of the C. neca-
tor  PHB−4 transformants harbouring the full-length of 
 PhaCBP-M-CPF4 and its N-terminal truncated mutants was 
also determined using transmission electron microscopy 
(TEM). The C. necator  PHB−4 harbouring the full-length 
of  PhaCBP-M-CPF4, G8, A27, and T74 were cultured in PHA 
biosynthesis condition as described previously using 2% 
(w/v) of fructose supplemented by 0.054% (w/v) of urea 
as nitrogen source and were harvested as described pre-
viously. The harvested bacterial cells were fixed with 
McDowell-Trump fixatives at 4  °C for at least 24 h [48]. 
The fixed bacterial cells were treated with 1% osmium 
tetroxide  (OsO4) for 1  h at room temperature, followed 
by dehydration gradually using ethanol concentrations 
starting from 50%, 75%, 95%, and 100%, respectively, and 
finally into 100% acetone. The dehydrated bacterial cells 

were embedded in low-viscosity Spurr’s resin and cured 
at 60  °C for at least 48  h [49]. Ultrathin sections were 
prepared using ultramicrotome and mounted on a cop-
per grid followed by staining using uranyl acetate and 
lead citrate. The samples were then viewed under Philip 
CM 12/STEM and JLM-2000FX11. The number of gran-
ules in each of the mutants were counted and analyzed. 
A pie chart showing the percentage of bacteria cells with 
their respective number of PHA granules per bacterial 
cell was plotted and the diameter of the respective PHA 
granules were determined based on the TEM images 
obtained for C. necator  PHB−4 harbouring the full-length 
of  PhaCBP-M-CPF4, G8, A27, and T74.

Phase contrast microscopy analysis
Phase contrast microscopy was used to determine the 
live condition of the cultured C.  necator  PHB−4 trans-
formants harbouring the full-length of  PhaCBP-M-CPF4 
and its N-terminal truncated mutants. The transfor-
mants were cultured in PHA biosynthesis condition as 
described previously. About 1 mL of the bacterial culture 
was collected. A drop of the culture was dropped and 
spread gently onto a clean glass slide followed by being 
gently covered with a clean cover slip. The bacteria were 
observed using an Olympus System Microscope Model 
BX41 phase contrast light microscope (Olympus, Japan). 
Observation of the bacterial sample was done using the 
objective lens with the lowest magnification (10×) to the 
highest magnification (100×). The PHA accumulated in 
the bacterial cells will be seen as transparent white gran-
ules under phase contrast microscopy.

Statistical analysis
All the data obtained were noted as mean ± standard 
deviation. All the statistical analyses were performed 
using SPSS software (IBM SPSS Statistics 24). The sta-
tistical data obtained were compared using one-way 
analysis of variance (ANOVA) with Tukey post hoc com-
parison with p values < 0.05 considered as statistically 
significant.

Results
Generation of C. necator  PHB−4 harbouring the N‑terminal 
truncated  PhaCBP‑M‑CPF4
To generate N-terminal truncated  PhaCBP-M-CPF4, 
predicted tertiary and secondary structures of 
 PhaCBP-M-CPF4 were employed and referred to design the 
truncation points. The tertiary N-terminal structure of 
 PhaCBP-M-CPF4 was predicted using Alphafold2 program 
(Additional file  1: Fig. S1A). Due to the low pLDDT 
score on the first 13 amino acid residues of the pre-
dicted tertiary structure from Alphafold2 program, sec-
ondary structure from PSIPRED server was referred for 

https://sapphire.biw.kuleuven.be/index.php
https://skaminsky115.github.io/nac/DNA-mRNA-Protein_Converter.html
https://skaminsky115.github.io/nac/DNA-mRNA-Protein_Converter.html
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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the truncation point (Additional file 1: Fig. S1B). Based 
on the two predicted structures, a predicted secondary 
N-terminal structure of  PhaCBP-M-CPF4 with combina-
tion of AlphaFold2 program and PSIPRED server was 
done (Additional file  1: Fig. S1C). Figure  1 illustrates 
the simplified diagram of the full-length  PhaCBP-M-CPF4 
and its N-terminal truncated mutants. As a result, the 
first seven amino acids were truncated since they did 
not adapt to any secondary helix structure, and it was 
designated as  PhaCBP-M-CPF4 G8 (comprised of resi-
dues 8–551). In the second mutant,  PhaCBP-M-CPF4 A27 
(comprised of residues 27–551), the first 26 amino 
acid residues were truncated as it was extended from 
the adjacent pairing α2 helix based on the Alphafold2 
structure (Additional file 1: Fig. S1A). In addition, sec-
ondary structure prediction from PSIPRED server 
(Additional file 1: Fig. S1B) indicated the α1-helix was 
separated into 2 distinct α-helices with a small gap at 
A27. Hence, A27 could be a good position for trun-
cation to avoid structural disruption of the α1-helix. 
The third truncated mutant,  PhaCBP-M-CPF4 T74 (com-
prised of residues 74–551), the N-terminal truncated 
mutant started from α2-helix where the first 73 amino 
acid residues comprised of α1-helix (Additional file  1: 
Fig. S1C). In the fourth N-terminal truncated mutant 
 PhaCBP-M-CPF4 D104 (comprised of residues 104–551), 
the first 103 amino acids residues were truncated, 
which consist of α1, and α2-helices were truncated. In 
summary, this study evaluates the performances of the 
N-terminal truncated  PhaCBP-M-CPF4 mutants on PHA 
production, PHA polymer’s properties, and PHA gran-
ule morphology.

Production and molecular weights of P(3HB) 
and P(3HB‑co‑3HHx) by full‑length  PhaCBP‑M‑CPF4 and its 
N‑terminal truncated mutants
Table 3 showed the PHA production of the full-length 
 PhaCBP-M-CPF4 and its N-terminal truncated mutant 
PhaCs using C. necator  PHB−4 as bacterial host. A total 
of 20 g/L of fructose or 10 g/L of crude palm kernel oil 
(CPKO) were used as the carbon source to produce 
P(3HB) and P(3HB-co-3HHx), respectively. There was 
no significant difference in the cell dry weight (CDW) 
of C. necator  PHB−4 transformants expressing full-
length  PhaCBP-M-CPF4 and G8 when fructose was used 
as carbon source, which were 8.3 and 8.4  g/L respec-
tively. A similar trend was observed when CPKO was 
used as the carbon source which was 11.3 and 10.2 g/L 
respectively. There were also no significant differences 
in the PHA content accumulated by C. necator  PHB−4 
harbouring full-length  PhaCBP-M-CPF4 and G8 regardless 
of the carbon sources used. However, as more N-termi-
nal regions were truncated in  PhaCBP-M-CPF4 A27, T74 
and D104, there was a significant reduction from 4.6 
to 1.8  g/L and 56.5 to 0.5 wt% in the CDW and PHA 
content of the C. necator  PHB−4 transformants when 
fructose was used as carbon source. Similarly, when 
CPKO was used as carbon source, there was a decrease 
from 7.5 to 1.8 g/L and 59.7 to 10.3 wt% in CDW and 
PHA content from  PhaCBP-M-CPF4 A27 to D104 respec-
tively. As for the residual biomass, there were no sig-
nificant differences for C.  necator  PHB−4 harbouring 
the full-length  PhaCBP-M-CPF4, G8, A27, and D104 
ranging between 1.8 and 2.0  g/L when fructose was 
used  as the carbon source. When CPKO was used as 
the carbon source, there were no significant differences 

Fig. 1 Illustration diagram of full-length  PhaCBP-M-CPF4 and its N-terminal truncated mutants
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between C.  necator  PHB−4 harbouring the full-length 
 PhaCBP-M-CPF4, G8, and A27, ranging between 2.5 and 
3.0 g/L. The residual biomass accumulated by C. neca-
tor  PHB−4 harbouring  PhaCBP-M-CPF4 T74 and D104 
ranged between 1.6 and 1.7 g/L when CPKO was used 
as carbon source. When the bacteria cells were fed with 
CPKO, there was a gradual decrease in the 3HHx molar 
composition of the P(3HB-co-3HHx) produced from 6 
to 1 mol% as more N-terminal region of the PhaC was 
truncated.

As for the molecular weights, there was an increase in 
the Mw of both P(3HB) and P(3HB-co-3HHx) produced 
by the truncated  PhaCBP-M-CPF4 G8 and A27 compared 
to the full-length  PhaCBP-M-CPF4 (Table 3). The Mw of the 
PHA produced by  PhaCBP-M-CPF4 G8 and A27 were 26.1 
and 26.9 ×  105 Da for P(3HB), and 11.2 and 14.1 ×  105 Da 
for P(3HB-co-3HHx), respectively. For P(3HB), the Mn of 
the homopolymer produced ranged from 6.7 to 11.2 ×  105 
with the PDI ranged from 2.3 to 2.7. For P(3HB-co-
3HHx), the Mn ranged from 3.7 to 5.7 ×  105 while the PDI 
ranged from 2.0 to 2.5. The Mn, Mw, and PDI for both 
P(3HB) and P(3HB-co-3HHx) produced by  PhaCBP-M-CPF4 
D104 was not determined as the PHA accumulated was 
too low to be extracted for the analysis.

Gene expression of N‑terminal truncated  PhaCBP‑M‑CPF4
Primer efficiency and melt curve analysis were performed 
to validate the primers designed for this study (Addi-
tional file 1: Fig. S2 and 3). Based on Fig. 2, there was a 
clear decrease in the gene expression level of the all the 
N-terminal truncated phaCBP-M-CPF4 mutants compared 
to its full-length. Compared to the full-length phaCBP-M-

CPF4, there was a drop in gene expression level of more 
than 80% in all the N-terminal truncated  PhaCBP-M-CPF4 
mutants. Gene expression level of phaCBP-M-CPF4 G8 
was the highest among all the N-terminal truncated 
phaCBP-M-CPF4 with about 0.17. The gene expression level 
of phaCBP-M-CPF4 A27 and D104 were low but compara-
ble to each other ranging from 0.0124 to 0.0162 while 
phaCBP-M-CPF4 T74 was the lowest with just 0.0010. 
These results showed that truncation of the N-terminal 
region of phaCBP-M-CPF4 had effects on the gene expres-
sion or concentration of its corresponding mRNA. Based 
on the trends in Fig. 2, it can be suggested that the more 
N-terminal regions were truncated, the lower the expres-
sion of the N-terminal truncated phaCBP-M-CPF4 was. 
The decrease in the detectable mRNA concentration 
may also be due to its mRNA stability. In this study, the 
same promoter and RBS were used for the expression of 

Table 3 PHA production of the C. necator  PHB−4 transformants harbouring the full-length phaCBP-M-CPF4 or truncated phaCBP-M-CPF4 
using fructose or CPKO with its molecular weights

The bacterial cells were cultivated in 50 mL of MM supplemented with 0.054% (w/v) of urea as nitrogen source, 50 µg/mL kanamycin, 2% (v/v) of fructose or 1% 
(v/v) of CPKO as carbon source. The bacterial cells were shaken at 200 rpm for 48 h at 30 °C. The values reported are in means ± standard deviations of triplicate. The 
superscripts v, w, x, y, and z represent the significant differences in the GC and GPC data using one-way ANOVA (p < 0.05). Abbreviations: 3HB, 3-hydroxybutyrate; 
3HHx, 3-hydroxyhexanoate; ND, not determined

Carbon source Strain Cell dry weight 
(g/L)

PHA content (wt%) Residual 
biomass 
(g/L)

PHA 
composition 
(mol%)

Molecular weights (×  105 Da)

3HB 3HHx Mn Mw PDI

Fructose PHB−4/ pBBR1-CBP-

M-CPF4

8.3 ± 0.1v 78.0 ± 2.9v 1.8 ± 0.2vw 100 ±  0v 0 ±  0v 9.8 ± 0.5v 22.8 ± 0.1v 2.3 ± 0.1v

PHB−4/pBBR1-CBP-M-

CPF4 G8
8.4 ± 0.2v 81.9 ± 4.1v 1.5 ± 0.3v 100 ±  0v 0 ±  0v 11.2 ± 0.5w 26.1 ± 0.5w 2.3 ± 0.1v

PHB−4/pBBR1-CBP-M-

CPF4 A27
4.6 ± 0.1w 56.5 ± 2.9w 2.0 ± 0.2vw 100 ±  0v 0 ±  0v 10.9 ± 0.8v 26.9 ± 0.3w 2.5 ± 0.5v

PHB−4/pBBR1-CBP-M-

CPF4 T74
2.4 ± 0.0x 17.8 ± 0.4x 2.0 ± 0.0w 100 ±  0v 0 ±  0v 6.7 ± 0.1x 18.2 ± 0.1x 2.7 ± 0.0w

PHB−4/pBBR1-CBP-M-

CPF4 D104
1.8 ± 0.0y 0.5 ± 0.1y 1.8 ± 0.0v 100 ±  0v 0 ±  0v ND ND ND

CPKO PHB−4/ pBBR1-CBP-

M-CPF4

11.3 ± 0.9v 75.8 ± 2.4v 2.7 ± 0.5v 94 ±  0v 6 ±  0v 3.7 ± 0.3v 9.3 ± 0.4v 2.5 ± 0.1v

PHB−4/pBBR1-CBP-M-

CPF4 G8
10.2 ± 0.3v 75.9 ± 2.7v 2.5 ± 0.3v 95 ±  0w 5 ±  0w 4.6 ± 0.1w 11.2 ± 0.2w 2.4 ± 0.0v

PHB−4/pBBR1-CBP-M-

CPF4 A27
7.5 ± 0.4x 59.7 ± 5.1w 3.0 ± 0.4v 96 ±  0x 4 ±  0x 5.7 ± 0.2x 14.1 ± 0.1x 2.5 ± 0.1v

PHB−4/pBBR1-CBP-M-

CPF4 T74
3.8 ± 0.1y 54.1 ± 5.4w 1.7 ± 0.1w 97 ±  0y 3 ±  0y 5.3 ± 0.1y 10.5 ± 0.0y 2.0 ± 0.0w

PHB−4/pBBR1-CBP-M-

CPF4 D104
1.8 ± 0.3z 10.3 ± 2.7x 1.6 ± 0.2w 99 ±  0z 1 ±  0z ND ND ND
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full-length phaCBP-M-CPF4 and its N-terminal truncated 
mutants. This showed that the missing truncated N-ter-
minal region might be necessary for better expression 
and/or mRNA stability of the phaCBP-M-CPF4 gene.

Altered morphology of the PHA granules accumulated 
in the C. necator  PHB−4 transformants
The P(3HB) granule morphology produced by the C. 
necator  PHB−4 harbouring full-length  PhaCBP-M-CPF4 
and its N-terminal truncated mutants were examined 
using TEM. Figure  3 showed that the N-terminal of 
 PhaCBP-M-CPF4 truncation resulted in a lesser number 
of PHA granules accumulated by the C. necator  PHB−4 
transformants. Based on pie charts shown in Fig. 3, there 
was an increase in the percentage of bacteria having sin-
gle granules from full-length  PhaCBP-M-CPF4 to G8. There 
was also a decrease in the percentage of bacterial cells 
having at least two PHA granules as more N-terminal 
regions of the  PhaCBP-M-CPF4 were truncated from full-
length  PhaCBP-M-CPF4 to T74. This observation showed 
that there was clear evidence where the N-terminal trun-
cation of  PhaCBP-M-CPF4 affected the number of PHA 
granules accumulated in the bacterial mutants.

Besides having lesser PHA granules, based on Fig. 3, 
there were also an increased in the granule mean diam-
eter of the PHA granules of from C. necator  PHB−4 
transformants harbouring full-length  PhaCBP-M-CPF4 
to A27 but decreased for C. necator  PHB−4 trans-
formants harbouring full-length  PhaCBP-M-CPF4 T74. 

The granule mean diameter of the PHA granules 
increased from 0.78 (full-length  PhaCBP-M-CPF4) to 
1.10 µm  (PhaCBP-M-CPF4 A27) but decreased to 0.93 µm 
 (PhaCBP-M-CPF4 T74). This hinted that not only did 
the N-terminal region affect the number of granules 
formed but also the size of the PHA granules.

On the other hand, there was also an increase in the 
percentage of bacterial cells without any PHA accu-
mulated as more N-terminal regions were truncated. 
Based on the pie chart in Fig. 3, the percentage of bacte-
ria having no PHA granules increased from full-length 
 PhaCBP-M-CPF4 to T74. In Fig. 3C, and D, the percentage 
of bacteria having no granule were even higher than the 
percentage of bacteria who had at least one PHA gran-
ules. The observation indicated that the N-terminal 
region of  PhaCBP-M-CPF4 was also necessary for the pro-
duction and accumulation of PHA in the bacteria. This 
speculation was demonstrated when 59% of C. necator 
 PHB−4 transformants harbouring  PhaCBP-M-CPF4 A27 
showed no PHA accumulation, and the percentage 
further hiked to 89% in C. necator  PHB−4 mutant har-
bouring  PhaCBP-M-CPF4 T74.

Another interesting morphology observed from the 
TEM images was the fluidic nature of the PHA granules 
in the bacterial cells. In Fig. 3B, some of the PHA mate-
rial was flowing out of or oozing from several granules 
(circled in black). The fluidic PHA material was not 
only seen flowing out of the granules but also appeared 
to be flowing/oozing out of the bacterial cells. Such 
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Fig. 2 Gene expression of full-length  PhaCBP-M-CPF4 compared to its N-terminal truncated mutants
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behavior was not observed in any other samples exam-
ined in this study.

Discussion
It is preferable to have a PhaC that can synthesize P(3HB-
co-3HHx) with desired 3HHx molar composition and 
have high Mw in a single large PHA granule. This study 
successfully engineered PhaC with the desired properties 

by truncating the N-terminal region of  PhaCBP-M-CPF4. 
In a previous study by Lim and co-workers, N-terminal 
truncation of PhaC from Aquitalea pelogenes USM4 
 (PhaCAp) resulted in a significant decrease in the number 
of PHA granules as well [36, 50]. This observation pro-
vided an impetus to this study whereby a more versatile 
PhaC discovered from mangrove soil metagenome was 
subjected to further improvement.

Table 3 showed that as more α-helices were truncated 
in  PhaCBP-M-CPF4 A27, T74 and D104 mutants, there were 
greater reduction in PHA content of the bacterial cells. 
Generally, PhaCs were reported to exist in a monomer–
dimer equilibrium, with monomeric form regarded as 
the inactive form, and dimeric form is regarded as the 
active form of PhaC [51, 52]. Extensive truncation of the 
N-terminal region of PhaC may interfere with the dimer 
formation, resulting in reduced or diminished enzymatic 
activity of the truncated PhaCs [36]. However, trunca-
tion of the first seven amino acids in the N-terminal of 
 PhaCBP-M-CPF4 G8 did not affect the amount of PHA 
accumulated. There was no significant difference in the 
PHA accumulated by full-length  PhaCBP-M-CPF4 and G8 
although N-terminal truncated PhaCs generally tend to 
exhibit lower in vitro activities [36, 53]. The in vivo PHA 
accumulation experiments extended over 48 h, which is 
a significantly longer duration than the 10–30 min time-
frame typically for in vitro enzyme assays. As a result, the 
reduced activities of  PhaCBP-M-CPF4 G8 were compensated 
by the extended accumulation duration in the in  vivo 
experiments using C. necator  PHB−4 transformant.

The 3HHx molar composition of P(3HB-co-3HHx) 
reduced from 6 to 1  mol% as more N-terminal regions 
were truncated, suggesting that the loss of N-terminal 
region gradually lost its substrate specificity towards 
3HHx. This showed that the N-terminal region of the 
PhaC played an important role in determining the sub-
strate specificity of the PhaC as reported previously. 
For instance, originally  PhaCCn cannot incorporate any 
medium-chain-length-PHA (MCL-PHA) monomers into 
its PHA produced. On the contrary, chimeric PhaCs of 
 PhaCCn with N-terminal region of  PhaCAc and  PhaCPa 
were reported able to incorporate MCL-PHA mono-
mers such as 3HHx, 3-hydroxyoctanoate (3HO), and 
3-hydroxydecanoate (3HD) [35, 54]. Lim and co-workers 
also reported similar results as N-terminal truncated 
 PhaCAp too incorporated lesser 3HHx monomers into its 
PHA [36]. These observations hinted that the N-terminal 
of PhaCs can affect the PHA monomers incorporated in 
PHA.

Besides that, there was also an increase in the Mw 
of the P(3HB-co-3HHx) accumulated by the N-ter-
minal truncated  PhaCBP-M-CPF4 G8 and A27 compared 
to the full-length  PhaCBP-M-CPF4 (Table  3). Previous 

Fig. 3 P(3HB) granule morphology of C. necator  PHB−4 harbouring 
full-length of  PhaCBP-M-CPF4 and its truncated mutants. TEM was used 
to view C. necator  PHB−4 harbouring full-length of  PhaCBP-M-CPF4, 
Magnification: 4000× (A), G8, Magnification: 3200× (B), A27, 
Magnification: 4000× (C), and T74, Magnification: 4000× (D). The 
pie charts representing the percentage of bacteria cell with their 
respective number of granules per bacterial cell were plotted. 
The total mean diameter of all the PHA granules were shown 
in the upper-right corner of TEM images. The oozing phenomenon 
is indicated using black circles. The TEM images shown represent 
the number of granules in each bacteria harbouring the full-length 
of  PhaCBP-M-CPF4 and its truncated mutants
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studies had shown that the 3HHx molar composition 
in P(3HB-co-3HHx) can affects the Mw of the P(3HB-
co-3HHx) produced [2, 4]. An increase in 3HHx molar 
composition will decrease the Mw of the P(3HB-co-
3HHx) produced because the 3HHx monomer is a 
bulky monomer and the increased in the composition 
of 3HHx will decrease the Mw which was in agreement 
with the result obtained in this study [2, 55]. To confirm 
the finding that N-terminal truncation on PhaCs can 
increase the Mw of the PHA produced as observed, the 
Mw of P(3HB) homopolymer produced from full-length 
 PhaCBP-M-CPF4 and its N-terminal truncated mutants 
were compared as there was no longer the effect of 
3HHx molar composition on the Mw of the PHA pro-
duced. As a result, there was also an increase in the 
Mw of P(3HB) produced by the N-terminal truncated 
 PhaCBP-M-CPF4 G8 and A27 compared to the full-length 
 PhaCBP-M-CPF4 which further supported the finding that 
N-terminal truncation of PhaC can increase the Mw of 
PHA produced. In addition, the Mw of the PHA pro-
duced from fructose was higher compared to that from 
CPKO. One reason for the lower Mw of PHA produced 
by CPKO was probably the presence of glycerol in the 
culture medium. Glycerol and fatty acids are produced 
when CPKO is hydrolyzed by lipase. The resulting free 
fatty acids are used as carbon source by the bacterium 
for growth and PHA biosynthesis. However, glycerol 
is poorly used by C. necator and had been reported to 
act as a PHA chain transfer agent which leads to early 
chain termination of the PHA polymerization, resulting 
in lower Mw of PHA produced from CPKO compared 
to fructose [56].

To determine how N-terminal truncation on PhaCs 
can increase the Mw of the PHA produced, gene expres-
sion of the full-length  PhaCBP-M-CPF4 and its N-terminal 
truncated mutants were verified using qPCR analysis. 
There were reports on the concentration or the expres-
sion of PhaCs affecting the Mw of the PHA produced [5, 
15, 57]. Based on Fig. 2, there was a drop of more than 
80% in the gene expression level of the N-terminal trun-
cated  PhaCBP-M-CPF4 G8 compared to the full-length of 
 PhaCBP-M-CPF4 and followed by similarly low expression 
of  PhaCBP-M-CPF4 A27, T74, and D104. Lower expression 
of the N-terminal truncated PhaC will lead to the reduc-
tion in the concentration of PhaCs available for polymer-
izing the PHA monomers into the PHA polymer chains 
[15, 57]. The decrease in concentration of available PhaCs 
will increase the ratio of PHA monomers to the concen-
tration of PhaCs in the bacterial cells. The increase in the 
ratio of PHA monomers to the concentration of PhaCs 
in the bacterial cells will allow more PHA monomers 
to be shared among the lower concentration of PhaCs 
polymerizing the PHA monomers into even longer PHA 

polymer chains and leading to a higher Mw of the PHA 
produced.

In contrast, for  PhaCBP-M-CPF4 T74, there was a drop in 
the Mw of the PHA produced despite having even lower 
expression. This might be due to the cumulative effect 
of lower activity and the unstable dimeric structure of 
 PhaCBP-M-CPF4 T74. This was also in agreement with the 
low PHA content accumulated in C. necator  PHB−4 har-
bouring  PhaCBP-M-CPF4 T74 in Table 3. The truncated first 
73 amino acids might have amino acid residues or seg-
ments of amino acids important for the dimerization of 
the PhaC [36].

The decrease in gene expression level might be due to 
the instability of the respective mRNAs in the bacterial 
cells. Based on the qPCR analysis, the N-terminal regions 
of the full-length phaCBP-M-CPF4 seem to provide shield-
ing effect towards mRNA degradation. Figure 4 showed 
the predicted secondary transcribed mRNA structure 
of phaCBP-M-CPF4 starting from the predicted transcrip-
tion start site. In the predicted secondary mRNA struc-
ture, there were numerous stem-loops formed by the 
nucleotides in the N-terminal regions indicating the 
participation of the N-terminal region in the formation 
of stem-loop structures. The stem-loop structures of 
the mRNA secondary structure was suggested to have 
the ability to stabilize the mRNA and hence, shield-
ing the mRNA from the mRNA degradation pathways 
[58]. Based on Fig. 4, the nucleotides that coded for the 
first seven amino acids of the N-terminal formed were 
paired with nucleotide 801 to 809 as indicated by cyan 
oval. Besides that, the nucleotide truncated too formed 
a stem-loop structure among themselves as indicated 
with blue oval. Adjacent to the stem-loop structure, 
there were A/U rich regions which were very suscepti-
ble to mRNA degradation by RNase E [59]. The loss of 
the stem-loop structures probably made the A/U rich 
region more susceptible to mRNA degradation, leading 
to a major drop of more than 80% in the gene expression 
level. For  PhaCBP-M-CPF4 A27, truncation of first 26 amino 
acids of the N-terminal removed nucleotides pairing with 
nucleotide 746 to 809 as indicated with red oval which 
further compromising the stability of the mRNA leading 
to even lower gene expression level. For  PhaCBP-M-CPF4 
T74 and D104, truncation points at their respective posi-
tions too compromised the ability of the mRNA to form 
stem-loop structures leading to very low gene expression 
level. Based on the predicted secondary mRNA structure, 
it was observed that stem-loop structures indicated in 
cyan, blue, and red oval played a major role in stability of 
the mRNA as the loss of both stem-loops heavily affected 
the mRNA stability as observed  PhaCBP-M-CPF4 A27, T74 
and D104. However, further studies are necessary to fur-
ther confirm this observation.
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One interesting observation was that despite the 
5’-untranslated region (UTR) forming many stem-
loops structures as observed in Fig.  4, it did not 
provide sufficient shielding effect from the mRNA deg-
radation pathways. One mRNA degradation pathway 
which was well-known to play a significant role in mRNA 

degradation in E. coli was the 5’-end-dependent mRNA 
degradation pathway where the degradation of the mRNA 
was initiated from the 5’ regions of the mRNA [60]. Pre-
viously it was reported that 5’ UTR played major role in 
determining the stability of mRNA in bacteria cells by 
shielding the mRNAs from mRNA degradation catalyzed 

Fig. 4 Predicted secondary structure of transcribed mRNA for full-length phaCBP-M-CPF4. The predicted secondary structure of transcribed mRNA 
starts from the predicted transcription start site. The start codon was indicated using blue square. The cyan and blue oval indicated stem-loop 
structures formed by nucleotides which encoded for the first seven amino acids while the red oval indicated the stem-loops structures formed 
by the nucleotide encoded for the first 26 amino acids residues. Points of truncation for G8, A27, T74, and D104 were indicated using green, orange, 
brown, and purple arrows respectively
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by RNA pyrophosphohydrolase followed by RNase E or 
RNase J [61–63]. However, this was not observed in our 
case because the promoter and 5’ UTR of the full-length 
 PhaCBP-M-CPF4 and all its N-terminal truncated mutants 
were the same and there should not be any differences in 
the gene expression level between the PhaCs. But based 
on Fig. 2, there were significant drops in the gene expres-
sion level for all N-terminal truncated mutants although 
they had similar promoter, 5’ UTR sequences and the 
only difference were the missing N-terminal regions. This 
hinted that the stem-loop structures formed by the miss-
ing nucleotide which code for the N-terminal of coding 
region might play a significant role as well in its respec-
tive mRNA stability.

On the bright side, the decrease in expression did not 
affect the amount of PHA accumulated in the bacterial 
cells for  PhaCBP-M-CPF4 G8 as shown in Table 3. Initially, 
we hypothesized that lower expression of phaCs will lead 
to a lower amount of PHA accumulated in the bacterial 
cells but that was not the case for  PhaCBP-M-CPF4 G8. This 
also showed that for the bacteria to accumulate a high 
amount of PHA, overexpression of phaCs was not neces-
sary as it might lead to a lower Mw of the PHA produced 
[5]. To the best of our knowledge, to date, there are no 
existing reports on the modification of the N-terminal of 
PhaC or DNA sequence of the PhaC on the expression of 
the phaCs during PHA production.

The increase in Mw of the PHA produced by N-ter-
minal modified PhaCs was also previously reported by 
Ye and co-workers where it was reported that deletion 
of 2 to 65 amino acids in the N-terminal of PhaC from 
P.  stutzeri 1317 increased the Mw of the PHA produced 
because the α-helices in the N-terminal was predicted to 
be involved in PHA chain elongation as the PHA chain 
elongation and termination were easily affected by the 
changes in the configurational and hydrophilicity of the 
N-terminal region of PhaCs [33]. The increase in Mw 
was also reported to be associated with the changes in 
the secondary structure of the PhaC and the protein-to-
protein interactions. Similar results were also reported by 
Zheng and co-workers where mutation on the N-termi-
nal affected the interaction between PhaC-to-PhaC and 
other PHA-related proteins which lead to the increase in 
Mw of the PHA accumulated [34]. Kim and co-workers 
also reported that the deletion of a region at the N-termi-
nal of PhaCs affected the ability of the N-terminal to fold 
at a proper orientation which could result in the activity 
of PhaC [53].

Another criterion of a good PhaC for production 
P(3HB-co-3HHx) is the ability to accumulate single large 
PHA granules as it will make the PHA extraction and 
purification process easier by using non-solvent PHA 
extraction methods like centrifugation, filtration, or 

sedimentation [25, 26]. These non-solvent PHA extrac-
tion methods were more straightforward and safer com-
pared to solvent PHA extraction as they were non-toxic 
and non-flammable.

Based on Fig.  3, there were more single larger PHA 
granules formed for N-terminal truncated  PhaCBP-M-CPF4 
G8 and A27 compared to full-length  PhaCBP-M-CPF4. 
This may be due to the interaction of the full-length 
 PhaCBP-M-CPF4 and its N-terminal truncated mutants with 
other PHA-related proteins like PhaP which is known 
to be present on the surface of PHA granules and also 
reported to affect the number and size of PHA granules 
[9, 26, 64–66]. To date, the most common strategy for 
the formation of a single granule in the bacterial cell is by 
deletion of phaPs [26, 65, 66]. Previously, a similar obser-
vation was obtained through N-and C-terminal trunca-
tion of  PhaCAp [36, 50]. But the stark difference in the 
PHA granule morphology was that even the full-length 
 PhaCBP-M-CPF4 accumulated lesser PHA granules com-
pared to the full-length  PhaCAp. To date, there was still 
no knowledge regarding the origin of this  PhaCBP-M-CPF4 
which was isolated from mangrove soil metagenome, 
unlike  PhaCAp where we know that it comes from A. pelo-
genes USM4 [8, 50].

Figure 3 also showed that besides accumulating lesser 
but larger PHA granules, another clear observation was 
the decrease in the percentage of PHA-containing bacte-
rial cells. As more N-terminal regions of the full-length 
 PhaCBP-M-CPF4 were truncated, there were more non-
PHA-containing bacteria cells. In Fig. 3A, even with full-
length  PhaCBP-M-CPF4, there were a few bacteria cells in 
which no PHA granules were observed, but that could 
be due to the angle of the slide sectioned during ultra-
microtome. In Fig. 3C and D, a significant increase in the 
percentage of bacterial cells without any PHA granules 
were observed from a cross-section of the bacterial cells. 
These observations were further confirmed using phase 
contrast microscopy as shown in Fig. 5. In Fig. 5A and B, 
the phase contrast images of C. necator  PHB−4 harbour-
ing full-length  PhaCBP-M-CPF4 and G8 did not show any 
non-PHA-containing bacteria cells. This showed that 
the non-PHA-containing cells observed in Fig.  3A  and 
B could be due to the sectioning of the part of the bac-
teria which did not contain PHA. On the other hand, 
based on Fig.  5C and  D, there was an obvious decrease 
in the number of PHA-containing bacterial cells from 
C. necator  PHB−4 harbouring  PhaCBP-M-CPF4 A27 and 
T74. These observations were also in agreement with the 
TEM images observed in Fig. 3C and D where there were 
increment in the number of non-PHA-containing cells. 
These observations also agreed with the gene expression 
level data whereby there were very low expression of the 
N-terminal truncated mutant  PhaCBP-M-CPF4 A27 and 
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T74 in the bacteria. As mentioned previously, this might 
be due to the instability of the mRNA of the N-terminal 
truncated  PhaCBP-M-CPF4 A27 and T74. Another possible 
reason for the absence of PHA granules in the bacte-
rial cells was the difficulty for the N-terminal truncated 
 PhaCBP-M-CPF4 A27 and T74 to exist in the dimer form 
and very low activity of the N-terminal truncated PhaC 
mutants due to the missing N-terminal region [36]. The 
lack of PHA granules can also be due to the absence of 
interaction between the N-terminal truncated PhaC 
mutants with PhaM which might act as activators for the 
PhaC polymerization activity [53, 67]. This showed that 
when bioengineering a potential strain for PHA pro-
duction, the stability of the mRNAs encoding for PHA-
related proteins and their interactions with one another 
must also be taken into consideration to prevent unnec-
essary non-PHA-containing bacterial cells.

An interesting phenomenon was observed in Fig.  3B. 
Some of the PHA material appeared to be flowing/ooz-
ing out of the PHA granules of C.  necator  PHB−4 har-
bouring  PhaCBP-M-CPF4 G8. Such fluidic/mobile nature 
of PHA in vivo has been reported before. PHA in vivo is 

maintained in an amorphous and mobile state by bacteria 
[68]. This amorphous and mobile state is important for 
the function of PHA as an intracellular carbon-storage 
compound because the intracellular PHA depolymerase 
is active only towards non-crystalline PHA. The oozing 
out of the PHA from its granules may be due to the dam-
age to the surface of the PHA granules during sample 
preparation for TEM. This observation was only made 
in C.  necator  PHB−4 harbouring  PhaCBP-M-CPF4 G8 and 
could be due to the lesser proteins on the granule surface 
which led to thinner or weaker PHA granule boundaries 
and hence, easier for the amorphous PHA to ooze out 
during sample preparation for TEM.

PHA recovery strategy by secretion of intracellular 
HlyA-signal-peptide-tagged-PHA granule into the cul-
ture medium through type I secretion by recombinant 
E.  coli from bacterial culture was reported [69]. Based 
on the observation in Fig.  3B, there is a possibility that 
the oozing out of PHA from the bacteria cells could be 
a novel method of PHA recovery from bacterial culture. 
Mechanical disruption can be applied to rupture the bac-
terial cell wall and PHA granule boundaries, allowing the 

Fig. 5 Phase contrast microscopy image of C. necator  PHB−4 harbouring full-length  PhaCBP-M-CPF4 (A), G8 (B), A27 (C), and T74 (D), Magnification: 
1000×
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PHA to ooze out into the culture medium at the end of 
cultivation. However, more studies are necessary to con-
firm this speculation.

Based on all the data discussed above, it is evident 
that N-terminal truncated  PhaCBP-M-CPF4  G8 showed 
improved properties for production of P(3HB-co-
3HHx). Table  3 showed that the transformant har-
bouring  PhaCBP-M-CPF4  G8 produced a higher Mw of 
P(3HB-co-3HHx) compared to the transformant har-
bouring the full-length  PhaCBP-M-CPF4 due to its lower 
expression without compromising the PHA accumulating 
ability. The production of P(3HB-co-3HHx) with higher 
Mw is important as it will contribute to better physical 
and mechanical properties. The 3HHx molar composi-
tion only dropped by 1 mol% which will not have much 
effect on the physical and mechanical properties of the 
P(3HB-co-3HHx) produced. Another improved property 
of the N-terminal truncated  PhaCBP-M-CPF4 G8 was that 
it accumulated mostly single larger PHA granules com-
pared to the full-length  PhaCBP-M-CPF4. The production of 
single larger PHA granules is important as it will facili-
tate the downstream process of non-solvent PHA extrac-
tion and purification.

Conclusions
In conclusion, the N-terminal of  PhaCBP-M-CPF4 affected 
the substrate specificity of the PhaC, molecular weights of 
the PHA produced, expression of PhaCs, and the granule 
morphology of the PHA accumulated. N-terminal trun-
cation decreases the 3HHx molar composition of P(3HB-
co-3HHx), increases the Mw of the PHA produced, 
decreases the number and increases the mean diameter 
of PHA granules accumulated in the bacteria cells. The 
increase in Mw was probably due to lower expression 
of the N-terminal truncated  PhaCBP-M-CPF4 mutants. 
Based on the result, among the N-terminal truncated 
 PhaCBP-M-CPF4 mutants generated,  PhaCBP-M-CPF4 G8 
showed improved properties of the PHA produced com-
pared to full-length  PhaCBP-M-CPF4. This study also dem-
onstrated N-terminal truncation can be considered as 
an alternative approach to improve existing PhaCs in the 
production of higher Mw PHA in mostly single and larger 
PHA granules.

Abbreviations
PHA  Polyhydroxyalkanoate
P(3HB)  Poly(3-hydroxybutyrate)
P(3HB-co-3HHx)  Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate]
3HB  3-Hydroxybutyrate
MCL-PHA  Medium-chain-length-PHA
3HHx  3-Hydroxyhexanoate
3HO  3-Hydroxyoctanoate
3HD  3-Hydroxydecanoate
PhaC  PHA synthase
Mn  Number-average molecular weight

Mw  Weight-average molecular weight
PDI  Polydispersity index
LDPE  Low-density polyethylene
PP  Polypropylene
RBS  Ribosome binding site
PhaCBP-M-CPF4  PhaC isolated from mangrove soil metagenome
PhaCCs  PhaC from Chromobacterium sp. USM2
PhaCRa  PhaC from Rhodococcus aetherivorans I24
PhaCAh  PhaC from Aeromonas hydrophila 4AK4
PhaCAc  PhaC from Aeromonas caviae
PhaCCn  PhaCs from Cupriavidus necator H16
PhaCPa  PhaC from Pseudomonas aeruginosa
PSI-BLAST  Position-Specific Iterative Basic Local Alignment Search 

Tool
PSIPRED  PSI-blast based secondary structure prediction
NR  Nutrient-rich
MM  Mineral medium
CPKO  Crude palm kernel oil
PCR  Polymerase chain reaction
NCBI  National Center for Biotechnology Information
GC  Gas chromatography
CME  Caprylic acid methyl ester
GPC  Gas permeation chromatography
HPLC  High-performance liquid chromatography
qPCR  Quantitative polymerase chain reaction
RNA  Ribonucleic acid
mRNA  Messenger RNA
UTR   Untranslated region
EDTA  Ethylenediaminetetraacetic acid
cDNA  Complementary deoxyribonucleic acid
Ct  Cycle threshold
TEM  Transmission electron microscopy
OsO4  Osmium tetroxide
ANOVA  Analysis of variance
pLDDT  Per-residue estimate of its confidence
CDW  Cell dry weight

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12934- 024- 02329-w.

Additional file 1: Fig. S1: Predicted N-terminal structure of PhaCBP-M-
CPF4. Predicted N-terminal structure of PhaCBP-M-CPF4 using AlphaFold2 
program. The colours in the predicted structure represented the level 
of confidence in the prediction. The black circle indicated the predicted 
structure has low confidence. The lines indicated where the truncation 
point of the N-terminal (A). Predicted N-terminal structure of PhaCBP-M-
CPF4 using PSIPRED server. The small gap in the α1 helix is indicated with 
an arrow (B). Predicted secondary structure of the N-terminal of PhaCBP-
M-CPF4 using a combination of AlphaFold2 program and PSIPRED server. 
The bold alphabets indicate the structure predicted using the PSIPRED 
server while the unbold alphabets indicate the structure predicted using 
Alphafold2 program. The truncation points were indicated with black lines 
(C). Fig. S2: Primer efficiency for 16S rRNA (A), phaCBP-M-CPF4 (B) primers. 
Fig. S3: Melt curve analysis for 16S rRNA (A), phaCBP-M-CPF4 (B) primers.

Acknowledgements
S.Z.N. acknowledges Graduate Fellowship USM (GFUSM) awarded by Universiti 
Sains Malaysia (USM).

Author contributions
SZN, HTT and MFC conceived the project. SZN, HTT, CT and MFC are involved 
in designing the experiments. SZN carried out the experiments, collected 
the data of the experiments, and wrote the original manuscript. SZN, HTT, 
and CT were involved in the analysis of the data collected. SZN, HTT, CT, MFC, 
and KS were involved in reviewing and editing the manuscript. PV, TH and KS 
supervised this study. KS provided funding for this study. All authors had read 
and approved the final manuscript.

https://doi.org/10.1186/s12934-024-02329-w
https://doi.org/10.1186/s12934-024-02329-w


Page 15 of 16Neoh et al. Microbial Cell Factories           (2024) 23:52  

Funding
This study was funded by Ministry of Higher Education, titled "Soil Analysis 
and Value-Addition to Oil Palm Trunk (OPT) and sap through Biotechnol-
ogy" as well as Science and Technology Research Partnership for Sustainable 
Development (SATREPS) (Grant Number: 203/PBIOLOGI/67811001), and 
Zacros (Fujimori Kogyo Co. Ltd.) (Grant Number: 304/PBIOLOGI/6501281/F117) 
from Japan.

Availability of data and materials
All the data in this study are included in this published article and its addi-
tional files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
K.S. reports financial support provided by Zacros (Fujimori Kogyo Co. Ltd.). K.S. 
reports a relationship with Zacros (Fujimori Kogyo Co. Ltd.) that includes con-
sulting or advisory. K.S. and S.Z.N. have a patent pending to Zacros (Fujimori 
Kogyo Co. Ltd.): Patent application No. PI2023006066.

Received: 13 December 2023   Accepted: 7 February 2024

References
 1. Sudesh K, Abe H, Doi Y. Synthesis, structure and properties of polyhy-

droxyalkanoates: biological polyesters. Prog Polym Sci. 2000;25:1503–55.
 2. Doi Y. Microbial polyesters. VCH New York. 1990.
 3. Stubbe JA, Tian J. Polyhydroxyalkanoate (PHA) homeostasis: The role of 

the PHA synthase. Nat Prod Rep. 2003;20:445–57.
 4. Tang HJ, Neoh SZ, Sudesh K. A review on poly(3-hydroxybutyrate-co-

3-hydroxyhexanoate) [P(3HB-co-3HHx)] and genetic modifications that 
affect its production. Front Bioeng Biotechnol. 2022;10:1057067.

 5. Rehm BHA. Polyester synthases: natural catalysts for plastics. Biochem J. 
2003;376:15–33.

 6. Chek MF, Kim SY, Mori T, Arsad H, Samian MR, Sudesh K, et al. Structure of 
polyhydroxyalkanoate (PHA) synthase PhaC from Chromobacterium sp. 
USM2, producing biodegradable plastics. Sci Rep. 2017;7:1–15.

 7. Chuah J-A, Tomizawa S, Yamada M, Tsuge T, Doi Y, Sudesh K, et al. Char-
acterization of site-specific mutations in a short-chain-lengths/medium-
chain-length polyhydroxyalkanoate synthase: In vivo and in vitro studies 
of enzymatic activity and substrate specificity. Appl Environ Microbiol. 
2013;79:3813–21.

 8. Foong CP, Lakshmanan M, Abe H, Taylor TD, Foong SY, Sudesh K. A novel 
and wide substrate specific polyhydroxyalkanoate (PHA) synthase from 
unculturable bacteria found in mangrove soil. J Polym Res. 2018;25:1–9.

 9. Kawashima Y, Orita I, Nakamura S, Fukui T. Compositional regulation 
of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) by replacement 
of granule-associated protein in Ralstonia eutropha. Microb Cell Fact. 
2015;14:1–12.

 10. Ng LM, Sudesh K. Identification of a new polyhydroxyalkanoate (PHA) 
producer Aquitalea sp. USM4 (JCM 19919) and characterization of its PHA 
synthase. J Biosci Bioeng. 2016;122:550–7.

 11. Doi Y, Kitamura S, Abe H. Microbial synthesis and characterization of 
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). Macromolecules. 
1995;28:4822–8.

 12. Kichise T, Fukui T, Yoshida Y, Doi Y. Biosynthesis of polyhydroxyalkanoates 
(PHA) by recombinant Ralstonia eutropha and effects of PHA synthase 
activity on in vivo PHA biosynthesis. Int J Biol Macromol. 1999;25:69–77.

 13. Matsumoto K, Takase K, Aoki E, Doi Y, Taguchi S. Synergistic effects of Glu-
130Asp substitution in the type II polyhydroxyalkanoate (PHA) synthase: 

enhancement of PHA production and alteration of polymer molecular 
weight. Biomacromol. 2005;6:99–104.

 14. Normi YM, Hiraishi T, Taguchi S, Sudesh K, Najimudin N, Doi Y. Site-
directed saturation mutagenesis at residue F420 and recombination with 
another beneficial mutation of Ralstonia eutropha polyhydroxyalkanoate 
synthase. Biotechnol Lett. 2005;27:705–12.

 15. Sim SJ, Snell KD, Hogan SA, Stubbe JA, Rha C, Sinskey AJ. PHA synthase 
activity controls the molecular weight and polydispersity of polyhydroxy-
butyrate in vivo. Nat Biotechnol. 1997;15:63–7.

 16. Tan HT, Chek MF, Lakshmanan M, Foong CP, Hakoshima T, Sudesh K. 
Evaluation of BP-M-CPF4 polyhydroxyalkanoate (PHA) synthase on the 
production of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) from 
plant oil using Cupriavidus necator transformants. Int J Biol Macromol. 
2020;159:250–7.

 17. Asrar J, Valentin HE, Berger PA, Tran M, Padgette SR, Garbow JR. Biosyn-
thesis and properties of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
polymers. Biomacromol. 2002;3:1006–12.

 18. Aoyagi Y, Doi Y, Iwata T. Mechanical properties and highly ordered 
structure of ultra-high-molecular-weight poly[(R)-3-hydroxybutyrate] 
films: effects of annealing and two-step drawing. Polym Degrad Stab. 
2003;79:209–16.

 19. Mendonça TT, Tavares RR, Cespedes LG, Sánchez-Rodriguez RJ, 
Schripsema J, Taciro MK, et al. Combining molecular and bioprocess 
techniques to produce poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) 
with controlled monomer composition by Burkholderia sacchari. Int J Biol 
Macromol. 2017;98:654–63.

 20. Budde CF, Riedel SL, Willis LB, Rha CK, Sinskey AJ. Production of poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) from plant oil by engineered 
Ralstonia eutropha strains. Appl Environ Microbiol. 2011;77:2847–54.

 21. Fukui T, Doi Y. Cloning and analysis of the poly(3-hydroxybutyrate-co-3- 
hydroxyhexanoate) biosynthesis genes of Aeromonas caviae. J Bacteriol. 
1997;179:4821–30.

 22. Yu LP, Yan X, Zhang X, Chen XB, Wu Q, Jiang XR, et al. Biosynthesis of func-
tional polyhydroxyalkanoates by engineered Halomonas bluephagenesis. 
Metab Eng. 2020;59:119–30.

 23. Tsuge T, Watanabe S, Shimada D, Abe H, Doi Y, Taguchi S. Combination of 
N149S and D171G mutations in Aeromonas caviae polyhydroxyalkanoate 
synthase and impact on polyhydroxyalkanoate biosynthesis. FEMS Micro-
biol Lett. 2007;277:217–22.

 24. Taguchi S, Nakamura H, Hiraishi T, Yamato I, Doi Y. In vitro evolution of a 
polyhydroxybutyrate synthase by intragenic suppression-type mutagen-
esis. J Biochem. 2002;131:801–6.

 25. Chen GQ. A microbial polyhydroxyalkanoates (PHA) based bio- and 
materials industry. Chem Soc Rev. 2009;38:2434–46.

 26. Shen R, Ning ZY, Lan YX, Chen JC, Chen GQ. Manipulation of polyhy-
droxyalkanoate granular sizes in Halomonas bluephagenesis. Metab Eng. 
2019;54:117–26.

 27. Pötter M, Madkour MH, Mayer F, Steinbüchel A. Regulation of phasin 
expression and polyhydroxylkanoate (PHA) granule formation in Ralsto-
nia eutropha H16. Microbiology. 2002;148:2413–26.

 28. Neoh SZ, Chek MF, Tan HT, Linares-Pastén JA, Nandakumar A, Hakoshima 
T, et al. Polyhydroxyalkanoate synthase (PhaC): The key enzyme for 
biopolyester synthesis. Curr Res Biotechnol. 2022;4:87–101.

 29. Chek MF, Kim SY, Mori T, Tan HT, Sudesh K, Hakoshima T. Asymmetric 
open-closed dimer mechanism of polyhydroxyalkanoate synthase PhaC. 
iScience. 2020;23:101084.

 30. Kim J, Kim YJ, Choi SY, Lee SY, Kim KJ. Crystal structure of Ralstonia 
eutropha polyhydroxyalkanoate synthase C-terminal domain and reac-
tion mechanisms. Biotechnol J. 2017;12:1600648.

 31. Teh AH, Chiam NC, Furusawa G, Sudesh K. Modelling of polyhydroxyal-
kanoate synthase from Aquitalea sp. USM4 suggests a novel mechanism 
for polymer elongation. Int J Biol Macromol. 2018;119:438–45.

 32. Wittenborn EC, Jost M, Wei Y, Stubbe JA, Drennan CL. Structure of the 
catalytic domain of the class I polyhydroxybutyrate synthase from Cupri-
avidus necator. J Biol Chem. 2016;291:25264–77.

 33. Ye Z, Song G, Chen G, Chen J. Location of functional region at N-terminus 
of polyhydroxyalkanoate (PHA) synthase by N-terminal mutation and its 
effects on PHA synthesis. Biochem Eng J. 2008;41:67–73.

 34. Zheng Z, Li M, Xue XJ, Tian HL, Li Z, Chen GQ. Mutation on N-terminus 
of polyhydroxybutyrate synthase of Ralstonia eutropha enhanced PHB 
accumulation. Appl Microbiol Biotechnol. 2006;72:896–905.



Page 16 of 16Neoh et al. Microbial Cell Factories           (2024) 23:52 

 35. Wang Q, Xia Y, Chen Q, Qi Q. Incremental truncation of PHA syn-
thases results in altered product specificity. Enzyme Microb Technol. 
2012;50:293–7.

 36. Lim H, Chuah JA, Chek MF, Tan HT, Hakoshima T, Sudesh K. Identification 
of regions affecting enzyme activity, substrate binding, dimer stabiliza-
tion and polyhydroxyalkanoate (PHA ) granule morphology in the PHA 
synthase of Aquitalea sp. USM4. Int J Biol Macromol. 2021;186:414–23.

 37. Riedel SL, Bader J, Brigham CJ, Budde CF, Yusof ZAM, Rha C, et al. Produc-
tion of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) by Ralstonia 
eutropha in high cell density palm oil fermentations. Biotechnol Bioeng. 
2012;109:74–83.

 38. Simon R, Priefer U, Pühler A. A broad host range mobilization system for 
in vivo genetic engineering: Transposon mutagenesis in Gram negative 
bacteria. Nature. 1983;1:417–35.

 39. Kovach ME, Elzer PH, Hill DS, Robertson GT, Farris MA, Roop RM, et al. Four 
new derivatives of the broad-host-range cloning vector pBBR1MCS, car-
rying different antibiotic-resistance cassettes. Gene. 1995;166:175–6.

 40. Friedrich B, Hogrefe C, Schlegel HG. Naturally occurring genetic transfer 
of hydrogen-oxidizing ability between strains of Alcaligenes eutrophus. J 
Bacteriol. 1981;147:198–205.

 41. Braunegg G, Sonnleitner BY, Lafferty RM. A rapid gas chromatographic 
method for the determination of poly-β-hydroxybutyric acid in microbial 
biomass. Eur J Appl Microbiolgy Biotechnol. 1978;6:29–37.

 42. Tan HT, Chek MF, Neoh SZ, Ang SL, Yoshida S, Hakoshima T, et al. Char-
acterization of the polyhydroxyalkanoate (PHA) synthase from Ideonella 
sakaiensis, a bacterium that is capable of degrading and assimilating 
poly(ethylene terephthalate). Polym Degrad Stab. 2022;206:110160.

 43. Alagesan S, Hanko EKR, Malys N, Ehsaan M, Winzer K, Minton NP. Func-
tional genetic elements for controlling gene expression in Cupriavidus 
necator H16. Appl Environ Microbiol. 2018;84:e00878-e918.

 44. Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2-ΔΔCT method. Methods. 
2001;25:402–8.

 45. Ang SL, Shaharuddin B, Chuah JA, Sudesh K. Electrospun poly(3-hydroxy-
butyrate-co-3-hydroxyhexanoate)/silk fibroin film is a promising scaffold 
for bone tissue engineering. Int J Biol Macromol. 2020;145:173–88.

 46. David L, Cheah E, Cygler M, Dijkstra B, Frolow F, Sybille M, et al. The α/β 
hydrolase fold. Protein Eng Des Sel. 1992;5:197–211.

 47. Samiei H, Nazarian S, Hajizade A, Kordbacheh E. In silico design, produc-
tion and immunization evaluation of a recombinant bivalent fusion 
protein candidate vaccine against E. coli O157:H7. Int Immunopharmacol. 
2023;114:109464.

 48. McDowell EM, Trump BF. Histologic fixatives suitable for diagnostic light 
and electron microscopy. Arch Pathol Lab Med. 1976;100:405–14.

 49. Spurr AR. A low-viscosity epoxy resin embedding medium for electron 
microscopy. J Ultrastruct Res. 1969;26:31–43.

 50. Wan JH, Ng L-M, Neoh SZ, Kajitani R, Itoh T, Kajiwara S, et al. Complete 
genome sequence of Aquitalea pelogenes USM4 (JCM19919), a polyhy-
droxyalkanoate producer. Arch Microbiol. 2023;205:66.

 51. Wodzinska J, Snell KD, Rhomberg A, Sinskey AJ, Biemann K, Stubbe J. 
Polyhydroxybutyrate synthase: evidence for covalent catalysis. J Am 
Chem Soc. 1996;118:6319–20.

 52. Gerngross TU, Snell KD, Peoples OP, Sinskey AJ, Csuhai E, Masamune 
S, et al. Overexpression and purification of the soluble polyhydroxyal-
kanoate synthase from Alcaligenes eutrophus: evidence for a required 
posttranslational modification for catalytic activity. Biochemistry. 
1994;33:9311–20.

 53. Kim YJ, Choi SY, Kim J, Jin KS, Lee SY, Kim KJ. Structure and function of the 
N-terminal domain of Ralstonia eutropha polyhydroxyalkanoate synthase, 
and the proposed structure and mechanisms of the whole enzyme. 
Biotechnol J. 2017;12:1600649.

 54. Matsumoto K, Takase K, Yamamoto Y, Doi Y, Taguchi S. Chimeric enzyme 
composed of polyhydroxyalkanoate (PHA) synthases from Ralstonia 
eutropha and Aeromonas caviae enhances production of PHAs in recom-
binant Escherichia coli. Biomacromol. 2009;10:682–5.

 55. Murugan P, Gan CY, Sudesh K. Biosynthesis of P(3HB-co-3HHx) with 
improved molecular weights from a mixture of palm olein and 
fructose by Cupriavidus necator Re2058/pCB113. Int J Biol Macromol. 
2017;102:1112–9.

 56. Madden LA, Anderson AJ, Shah DT, Asrar J. Chain termination 
in polyhydroxyalkanoate synthesis: Involvement of exogenous 

hydroxy-compounds as chain transfer agents. Int J Biol Macromol. 
1999;25:43–53.

 57. Gerngross TU, Martin DP. Enzyme-catalyzed synthesis of poly[(R)-(-)-
3-hydroxybutyrate]: Formation of macroscopic granules in vitro. Proc Natl 
Acad Sci USA. 1995;92:6279–83.

 58. Emory SA, Bouvet P, Belasco JG. A 5’-terminal stem-loop structure can 
stabilize mRNA in Escherichia coli. Genes Dev. 1992;6:135–48.

 59. Rauhut R, Klug G. mRNA degradation in bacteria. FEMS Microbiol Rev. 
1999;23:353–70.

 60. Luciano DJ, Hui MP, Deana A, Foley PL, Belasco KJ, Belasco JG. Differential 
control of the rate of 5’-end-dependent mrna degradation in Escherichia 
coli. J Bacteriol. 2012;194:6233–9.

 61. Richards J, Liu Q, Pellegrini O, Celesnik H, Yao S, Bechhofer DH, et al. An 
RNA pyrophosphohydrolase triggers 5’-exonucleolytic degradation of 
mRNA in Bacillus subtilis. Mol Cell. 2011;43:940–9.

 62. Deana A, Celesnik H, Belasco JG. The bacterial enzyme RppH triggers 
messenger RNA degradation by 5′ pyrophosphate removal. Nature. 
2008;451:355–8.

 63. Celesnik H, Deana A, Belasco JG. Initiation of RNA decay in Escherichia coli 
by 5′ pyrophosphate removal. Mol Cell. 2007;27:79–90.

 64. Neumann L, Spinozzi F, Sinibaldi R, Rustichelli F, Pötter M, Steinbüchel 
A. Binding of the major phasin, PhaP1, from Ralstonia eutropha H16 to 
poly(3-hydroxybutyrate) granules. J Bacteriol. 2008;190:2911–9.

 65. Wieczorek R, Pries A, Steinbuchel A, Mayer F. Analysis of a 24-kilodalton 
protein associated with the polyhydroxyalkanoic acid granules in Alcali-
genes eutrophus. J Bacteriol. 1995;177:2425–35.

 66. Cai S, Cai L, Liu H, Liu X, Han J, Zhou J, et al. Identification of the haloar-
chaeal phasin (PhaP) that functions in polyhydroxyalkanoate accumu-
lation and granule formation in Haloferax mediterranei. Appl Environ 
Microbiol. 2012;78:1946–52.

 67. Pfeiffer D, Jendrossek D. PhaM is the physiological activator of poly(3-
hydroxybutyrate) (PHB) synthase (PhaC1) in Ralstonia eutropha. Appl 
Environ Microbiol. 2014;80:555–63.

 68. Horowitz DM, Sanders JKM. Amorphous, biomimetic granules of polyhy-
droxybutyrate: preparation, characterization, and biological implications. 
J Am Chem Soc. 1994;116:2695–702.

 69. Rahman A, Linton E, Hatch AD, Sims RC, Miller CD. Secretion of polyhy-
droxybutyrate in Escherichia coli using a synthetic biological engineering 
approach. J Biol Eng. 2013;7:1–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	N-terminal truncation of PhaCBP-M-CPF4 and its effect on PHA production
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Bacterial strain, plasmid, and PHA biosynthesis condition
	PHA synthase structure prediction
	Construction of C. necator PHB−4 mutant harbouring N-terminal truncated PhaCBP-M-CPF4
	Analysis of the PHA produced by C. necator PHB−4
	Total RNA extraction and quantitative PCR (qPCR)
	mRNA secondary structure prediction
	Determination of the number and diameter of granules in each bacterial cell
	Phase contrast microscopy analysis
	Statistical analysis

	Results
	Generation of C. necator PHB−4 harbouring the N-terminal truncated PhaCBP-M-CPF4
	Production and molecular weights of P(3HB) and P(3HB-co-3HHx) by full-length PhaCBP-M-CPF4 and its N-terminal truncated mutants
	Gene expression of N-terminal truncated PhaCBP-M-CPF4
	Altered morphology of the PHA granules accumulated in the C. necator PHB−4 transformants

	Discussion
	Conclusions
	Acknowledgements
	References


