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A B S T R A C T   

Polyhydroxyalkanoates (PHAs) are natural biodegradable polyesters that are produced by numerous prokaryotic 
microorganisms primarily as a carbon- and energy reserve. The PhaC enzyme catalyzes the last step in the PHA 
biosynthesis pathway and synthesizes PHA polymers from hydroxyalkanoic acids. A type I PhaC from a PHA- 
producing marine bacterium Brevundimonas sp. KH11J01 (BrPhaC) was identified, produced recombinantly 
and characterized. Its properties were compared with its homolog from C. necator H16 (RePhaC). Unlike other 
PhaCs, it was found that BrPhaC is a lag-phase free enzyme organized as a trimer, even without the presence of a 
substrate. The enzymatic reaction is initiated instantly irrespective of temperature, in contrast to RePhaC in 
which the duration of the lag-phase was highly affected by temperature. At 10 ◦C BrPhaC was 40% active 
whereas RePhaC was barely active. The significance of using marine microorganisms, harboring cold-active PHA 
biosynthesis enzymes, for energy efficient PHA production, is also discussed briefly. The unique trimeric orga
nization of BrPhaC challenges our understanding of the PhaC reaction mechanisms, which is mainly based on the 
crystal structures of the inactive forms of the enzyme.   

Introduction 

Polyhydroxyalkanoates (PHAs) are promising biodegradable bio
plastics which possess biophysical properties comparable to those of 
conventional plastics [1]. They are natural polyesters produced by a 
wide range of prokaryotic microorganisms. When the environment these 
bacteria are dwelling in is challenged by a scarcity of essential nutrients 
for growth, but with an excess of carbon sources, they tend to accu
mulate PHA into water-insoluble granules inside the cell. These granules 
serve as carbon reserves which can later be degraded and consumed by 
the bacterium when carbon sources become limited in the surrounding 
environment [2]. The PHA granules additionally provide microorgan
isms enhanced stress survival and robustness [3,4]. Different types of 
bacteria can synthesize slightly different PHA building blocks, which at 
the end determine the characteristics of the bioplastic with respect to 
elasticity and strength [5–7]. The type of PHA produced is dictated by a 

set of catalytic enzymes and the types of carbon source in the growth 
medium [8]. 

The PHA biosynthetic pathways comprise various steps and involve 
different enzymes, which produce PHA polymers from hydroxyalkanoic 
acids [1]. The PHA synthase (PhaC) (EC 2.3.1.304) catalyzes the last 
step in the pathway. It synthesizes PHA polymers from coenzyme A 
(CoA) thioesters of the hydroxyalkanoic acids, with concomitant release 
of the CoA moiety. PHA synthases can be classified into four classes 
based on their primary structure, subunit composition and substrate 
specificity [9]. Except Class II synthases, which tend to use medium 
chain length (MCL) monomers, Classes I, III and IV synthases prefer 
short chain length (SCL) monomers. New types of PhaCs not belonging 
to any of the established four classes have been identified recently [10]. 
PHA heteropolymers composed of mixtures of SCL and MCL monomers 
appear to possess better thermal and physical properties than homo
polymers of SCL or MCL [11]. In that sense, protein engineering of PhaC 
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with the aim of broadening its substrate specificity has become an 
attractive and appealing approach [1,12]. To achieve this goal, it is 
important to study the properties of different PhaCs and unravel the 
enzymatic mechanisms behind the PHA polymerization. 

The crystal structures of the catalytic domain of PhaC from the two 
beta proteobacteria C. necator H16 (CnPhaC) [13,14] and Chromo
bacterium sp. USM2 (ChPhaC) [15] have been determined, and recently 
the co-crystal structure of the catalytic domain of ChPhaC in complex 
with free CoA also became available [16]. These crystal structures have 
thrown some light onto the mostly non-understood catalytic and olig
omer formation mechanisms. Two mechanisms of catalysis have been 
proposed in the context of PhaC dimerization [15,16]. 

In this study, a functional PhaC from the marine alpha proteo
bacterium Brevundimonas sp. KH11J01, isolated from the Arctic envi
ronment, with a unique stable trimeric organization in comparison with 
its well-studied PhaC homolog from C. necator H16 (previously called 
Ralstonia eutropha H16, Wautersia eutropha and Alcaligenes eutrophus), is 
presented. A special focus has been given to their differences related to 
oligomerization patterns and to their thermal adaptation properties. The 
implication of the results with respect to reduction of cost related to PHA 
production is discussed briefly. 

Materials and methods 

Sequence analysis 

In addition to PhaC from Brevundimonas sp. KH11J01, PhaC protein 
sequences belonging to C. necator H16, Chromobacterium sp. USM2, 
Rhodovulum sulfidophilum DSM1374 and Caulobacter crecentus NA1000 
were downloaded from GenBank. The online program T-coffee [17] was 
used to align the sequences and EsPript [18] was used to visualize the 
alignment and the secondary structures. Secondary structures of the 
catalytic domains belonging to CnPhaC and ChPhaC were extracted 
from the Protein Data Bank. The secondary structures belonging to the 
other sequences and the N-terminal domains were predicted using 
PsiPred [19]. The alignment was manually corrected in the N-terminus 
and the final alignment was produced in Adobe illustrator. 

The Conserved Domain database [20] was searched to identify 
similarity in domains of the N-terminal region of PhaC. The region up
stream the gene encoding BrPhaC (predicted by Prodigal) was further 
analyzed using the gene predictors GeneMark [21] and Glimmer [22] to 
identify the correct start codon. 

The amino acid composition of the CAP subdomains belonging to 
BrPhaC, CnPhaC and ChPhaC were analyzed using the PSIPRED server 
[23]. The GRAVY (grand average of hydropathy) value for the protein 
sequences was calculated by adding the hydropathy value for each 
residue and dividing by the length of the sequence [24]. 

Isolation of the bacterium and identification of the genes 

The bacterium from which the BrphaC gene was retrieved, Bre
vundimonas sp. KH11J01, was isolated from the Arctic area in Northern 
Norway, cultured and stored locally at UiT the Arctic University of 
Norway. The details of sample collection, isolation and 16S RNA iden
tification can be obtained elsewhere [25]. The closest phylogenetic 
relative according to 16S RNA gene analysis is Brevundimonas vesicularis 
NBRC 12165 (accession number NR_113586.1) with 99% sequence 
identity. The strain was genome sequenced as part of a larger bio
prospecting project at UiT (unpublished data). The contig, containing 
the phaC gene, has been deposited in GenBank under the accession 
number MW446820. The genes were predicted using Prodigal [26] and 
annotated using Blast [27]. The gene encoding CnPhaC was retrieved 
from GenBank using accession code CP039287.1. 

Synthesis of target constructs 

The two phaC genes, encoding BrPhaC and RePhaC, were codon 
optimized for Escherichia coli expression, synthesized and cloned into 
pET151/D-TOPO expression vector by Invitrogen (Thermo Fisher Sci
entific, Waltham, MA, USA). The production note from the manufacturer 
can be obtained in the Supplementary materials section (Suppl. info. 1). 
Even though the names CnPhaC and RePhaC refer to the same enzyme 
(PhaC1 enzyme of C. necator H16), the former is used when referencing 
the same PhaC from literature and the latter is used when referring to the 
enzyme studied here to avoid confusion. 

Protein expression and purification 

The proteins were expressed in E. coli BL21*(DE3) cells (Thermo 
Fisher Scientific) in 0.5 L Overnight Express™ Instant TB Medium 
(Novagen) supplemented with 0.4% glycerol. The cells were grown at 
37 oC until the optical density (OD) at 600 nm measured by Ultrospec 10 
density meter (Cytiva, Marlborough, MA, USA) reached 0.6–0.8 and the 
cultures were transferred to an incubator-shaker pre-cooled to 15 ◦C. 
The cells were left to grow for approximately 20 h and harvested. The 
pellets were stored at − 20 ◦C until use. 

The pellet was resuspended in 40 ml lysis buffer (20 mM Tris/HCl, 
100 mM NaCl) and sonicated for 15 min on ice bath. The lysate was 
clarified by centrifugation and the crude extract was applied on a 
HisTrap™ HP 5 ml prepacked Ni-NTA column (Cytiva) equilibrated with 
lysis buffer plus 10 mM imidazole. The target proteins were eluted using 
a linear gradient from 10 to 500 mM imidazole. Both target proteins 
eluted at ~250 mM imidazole. The eluted protein was diluted and pu
rified further using a self-packed 17 ml Source 15 Q column (Cytiva). To 
remove the 6xHis-tag, the protein solution was incubated with a To
bacco Etch Virus (TEV) protease overnight at 4 ◦C and applied for the 
second time on the HisTrap™ column. The final polishing step was 
performed by size exclusion chromatography (SEC) using HiLoad® 
Superdex 200 16/60 prep grade prepacked column (Cytiva). The buffers 
used in the purification process are listed in Supplementary Table 1. 
AKTA FPLC™ Purifier/Explorer system (GMI, Ramsey, MN, USA) and 
Unicorn software (Cytiva) were utilized in all steps for execution of the 
purification and analysis of the results. Unless otherwise specified, all 
the purification steps were executed at a temperature below 10 oC and 
the samples were kept on ice. 

The fractions containing the target proteins were identified by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) using the Mini- 
PROTEAN Tetra cell electrophoresis system (Bio-Rad Laboratories, 
Hercules, CA, USA). The gels were visualized by the Gel doc XR system 
(Bio-Rad). The concentration of the proteins was measured by a Nano
Drop™ 2000/2000c spectrophotometer (Thermo Fisher Scientific). 

Molecular weight determination by SEC 

The pure protein samples (5 mg/ml, 0.5 ml) were loaded onto a 
prepacked HiLoad® superdex 200 16/60 prep grade column (Cytiva) 
equilibrated with a buffer containing 50 mM Tris/HCl (pH 8.0) and 150 
mM NaCl. PhaCs were eluted with the same buffer at a flow rate of 1 ml/ 
min, and the fractions corresponding to the peaks were assayed for PhaC 
activity and by SDS-PAGE. Molecular weights were determined from a 
calibration curve prepared using the following protein molecular weight 
standards (Suppl. Fig. 4): ferritin (440 kDa), aldolase (158 kDa), cova
lbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), 
and ribonuclease A (13.7 kDa). 

PhaC activity measurement 

The Ellman’s methods for assaying PhaC activity were adapted from 
[28] with some modifications. Two different approaches were used. 

The discontinuous enzyme assay: The standard reaction was carried 
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out at 30 oC in a reaction volume of 200 μL consisting of 100 mM po
tassium phosphate (pH 7.4), 2 mM 3-hydroxybutyryl-CoA (3HBCoA), 
0.2 mg/ml (3 μM) bovine serum albumin (BSA) and PhaC. Aliquots of 
20 μL were removed at different time intervals, incubated on ice for 2 
min before mixing with 20 μL ice cold 10% (w/v) trichloroacetic acid to 
quench the reaction. After centrifuging the reaction mixture, 35 μL was 
added to 125 μL of a freshly prepared solution of 2 mM 5,5-dithio-bis-(2- 
nitrobenzoic acid) (DTNB) in 100 mM phosphate (pH 7.4) in a clear 96- 
well microtiter plate. Using a microplate reader (SpectraMax M4, Mo
lecular Devices, San Jose, CA, USA), the end point absorbance at 412 nm 
(ε = 14.15 mM-1 cm-1) was measured after incubation for 5 min at room 
temperature. All the reaction components except the substrate were 
included in the blank runs, and the blank read was subtracted from all 
sample reads. 

The continuous enzyme assay: This assay was preferred when assaying 
pure enzymes. The reactions were carried out in a clear 96- well mi
crotiter plate at 25 ◦C in a final volume of 100 μL consisting of 100 mM 
potassium phosphate pH 7.4, 0.3 mM DTNB, 0.2 mg/ml BSA, 2 mM 
3HBCoA, and the synthase at different concentrations. The reaction was 
initiated by addition of the purified enzyme. Formation of TNB dianion 
was determined by measuring absorbance at 412 nm using an extinct 
coefficient of 14.15 mM− 1 cm− 1 in a microtiter plate reader (Spec
traMaxM4, Molecular Devices). All the reaction components except the 
enzyme were included in the blank runs, and the blank read was auto
matically subtracted from all sample reads. The reaction rate was 
determined from the slope of the initial fast phase. One unit is defined as 
1 μmol of substrate consumed per min. 

Determination of temperature, salt and pH optima for enzyme activity 

For these experiments, the enzyme activities were measured using 
the discontinuous assay. Appropriate reaction time (2 min for BrPhaC 
and 4 min for RePhaC) was set after evaluating the linearity of the ac
tivity of each enzyme and the intensity of the absorbance signal at the 
respective time points. Salt and pH optima for the activity of BrPhaC and 
RePhaC were determined at 35 ◦C and 30 ◦C, respectively. The samples 
were run in 3 parallels. The same protein concentration was used for 
each enzyme throughout the experiments. The activity was calculated 
relative to the maximum activity measured from the whole range. 

The activities of BrPhaC and RePhaC were measured at 5 ◦C intervals 
ranging from 10 to 55 ◦C to determine their temperature optima. Crude 
cell extracts were freshly prepared by sonication and clarification. As 
shown in Supplementary Fig. 1, the expression level of the soluble 
fraction of both enzymes was similar. A reaction mixture of 20 μL vol
ume was incubated for 2/4 min at each temperature and endpoint 
measurement was performed. The activity of BrPhaC and RePhaC were 
measured in the standard discontinuous assay at 15, 30 and 45 ◦C to 
study the shape of the activity curve and the nature of the lag-phase. 

To determine the NaCl concentration and pH optima, the activities of 
BrPhaC and RePhaC were measured in different NaCl concentrations 
(0–400 mM) and pH (6.0–9.0). Three different buffers were used in their 
useful pH ranges: Bis-Tris propane (6.3–9.5), HEPES (6.8–8.2) and Tris/ 
HCl (7.0–9.0) for determination of the pH optimum. A reaction mixture 
of 20 μL volume containing 1.3 and 1.6 μM purified BrPhaC and RePhaC, 
respectively, was used in these experiments. 

Differential scanning calorimetry (DSC) 

DSC experiments were conducted using a Nano-Differential Scanning 
Calorimeter III, model CSC6300 (Calorimetry Sciences Corporation, 
Lindon, UT, USA). The enzymes were dialyzed overnight at 4 ◦C against 
1 L of dialysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl) in a Pierce 
SlideA-Lyzer dialysis cassettes (Thermo Fisher Scientific) with a 30 kDa 
cut-off followed by filtration using a 0.2 µm syringe filter (Merck). The 
dialysis buffers were used as reference buffers in the DSC runs. Reference 
buffers and samples were degassed under vacuum for 10 min before 

loading into the respective DSC cells. The temperature scans were car
ried out at a constant pressure of 0.3 MPa in a range of 25–80 ◦C with a 
heating/cooling rate of 1 ◦C/min. NanoAnalyzer software (TA in
struments, New Castle, DE, USA) was utilized to determine the melting 
temperature and molar heat capacity values. The experimental transi
tion curves were fitted on a two-state transition model. 

Determination of kinetic parameters 

Kinetic experiments were performed by the continuous assay for 
BrPhaC at 25 oC as described above. The assays were conducted at 
concentrations of 3HBCoA varying from 0.1 to 4 mM and 3 nM enzyme. 
The measurements were performed in triplicate for each substrate 
concentration. The initial velocity of the enzyme at each substrate 
concentration was calculated from the slope of the first linear phase and 
the kinetic parameters kcat and Km were determined by fitting the data to 
the Michaelis–Menten equation using the EnzymeKinetics® module in 
SigmaPlot 14 (SYSSTAT). 

Result and discussion 

Identifying the correct start of the BrphaC gene 

Identifying the correct start of the phaC gene in Brevundimonas sp. 
KH11J01 was not straightforward. Homologs within the same genus are 
annotated to start at MAKT- or LIET- (Suppl. Fig. 2). Prodigal predicts a 
longer gene than GeneMark and Glimmer. A manual analysis was per
formed of the short version of all the Brevundimonas phaC genes found in 
Genbank and conserved regions upstream of the erroneous prematurely 
predicted start-codon were observed. In addition, a short version of the 
closely related Caulobacter crescentus PhaC (CcPhaC) has been expressed 
and found less active, whereas the long version is fully active [29]. A 
publication analyzing the Ribosomal Binding Site (Shine-Dalgarno 
sequence) in C. crecentus, a close relative of Brevundimonas, revealed that 
this bacterium uses a classical ribosome binding site in front of only 
24.6% of its genes. The reannotated genome of C. crecentus NA1000 [30] 
predicts a much longer phaC gene based on transcriptomic data. In order 
not to clone too short a BrPhaC construct, it was decided to use the 
length of the C. crecentus phaC gene as a guide when cloning the Bre
vundimonas phaC gene. After manual inspection of the region upstream 
of the potential start methionines (Suppl. Fig. 2) the longest one was 
cloned, starting with MNRP-. 

The search against the conserved domain database (CDD) gave a hit 
against the PhaC protein but also towards the τ subunit of bacterial DNA 
polymerase III (cdd accession: PRK07764) (Suppl. Fig. 3). 

Pure and active BrPhaC and RePhaC were produced in large amounts 

BrPhaC and RePhaC were overexpressed in E. coli BL21*(DE3) cells 
and purified to more than 95% apparent purity as judged by SDS-PAGE 
(Fig. 1). The purification strategy is summarized in Table 1 and Table 2. 
The protein yields at the end of the purification were 4.9% for BrPhaC 
and 15.5% for RePhaC corresponding to a total protein amount of 41.4 
mg and 120 mg, respectively. The specific activities of both enzymes 
measured after the last purification step were similar, 59.8 and 61.9 U/ 
mg for BrPhaC and RePhaC, respectively. 

The purification strategy developed for BrPhaC was applied to 
RePhaC and resulted in 240 mg pure and active enzyme per liter bac
terial culture. Hence, this purification strategy offers the possibility of 
studying PhaCs by methods which require large amounts of pure pro
tein. The number of steps was higher in this study than in earlier reports 
[31,32] to remove the DNA contaminants in the sample and the affinity 
tag. The enzyme was pure after the first step (Fig. 1B). Thus, it is possible 
to omit some of the steps and go directly to the last step unless one is 
concerned to remove the affinity tag and DNA contaminants in the 
sample. Different specific activity values ranging from 1 to 160 U/mg 
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have been reported for purified CnPhaC [31], and RePhaC falls in this 
range with 61.9 U/mg specific activity. Such a variation was believed to 
arise because of inconsistent use of reaction components and utilization 
of different methods for protein expression, concentration determina
tion, and purification. 

Enzyme properties of BrPhaC and RePhaC 

BrPhaC shows a broader temperature-activity profile 

The temperature at which the maximum activity was measured 
(Tmax) was 35 ◦C for BrPhaC and 30 ◦C for RePhaC. BrPhaC showed 
higher activity over a broader temperature range, while the range was 
narrower and towards higher temperature for RePhaC (Fig. 2A). The 

effect of NaCl concentration on the enzyme activity was very similar for 
both enzymes (Fig. 2B). The maximal activity was measured for both at 
NaCl concentrations ranging from 0 to 50 mM, with the activity of both 
enzymes dropping dramatically above this concentration. The pH at 
maximum activity was 8.5 for BrPhaC and 7.5 for RePhaC. BrPhaC 
maintain at least 75% of maximal activity in the pH range from 7.0 to 9.0 
(Fig. 2C), while RePhaC gave at least 60% of the maximal activity in the 
pH range 7.0–8.5 (Fig. 2D). 

BrPhaC does not require priming or activation to initiate the 
polymerization reaction 

A lag-phase of several seconds has been observed for CnPhaC and 
many other PhaCs [29,31,33]. The delay is believed to occur as a result 

Fig. 1. Purification of BrPhaC (A) and RePhaC (B): SDS-PAGE gel showing the protein contents of the fractions after each step. Lane 1, Mark12™ protein molecular 
weight marker; Lane 2, Crude cell extract; Lane 3, HisTrap 1 fraction; Lane 4, Source 15Q fraction; Lane 5, the fraction after TEV cleavage reaction; Lane 6, HisTrap 2 
fraction; Lane 7, SEC fraction. 

Table 1 
A purification summary table for BrPhaC.  

Fractions Volume 
(ml) 

Enzyme  
Activity  
(U/ml) 

Protein  
Concentration 
(mg/ml) 

Total  
Protein  
(mg) 

Total 
Activity  
(U) 

Specific 
Actvity  
(U/mg) 

Yield  
(%) 

Purification  
fold 

Crude extract 45 1121.0 ±
12.1 

175.0 ± 1.5 7875.0 50,445.8 6.4 100 1 

HisTrap 1 145 56.8 ± 0.5 1.8 ± 0.2 256.4 8240.3 32.1 16.3 5.0 
Source 15Q 37 196.0 ± 6.6 2.7 ± 0.4 99.2 7250.4 73.1 14.4 11.4 
After TEV 

cleavage 
40 275.1 ± 3.9 2.7 ± 0.7 106.2 11,005.3 103.6 21.8 16.2 

HisTrap 2 62 44.1 ± 0.8 0.9 ± 0.1 53.3 2736.2 51.4 5.4 8.0 
SEC 35 70.8 ± 1.2 1.2 ± 0.1 41.4 2476.5 59.8 4.9 9.3  

Table 2 
A purification summary table for RePhaC.  

Fractions Volume  
(ml) 

Enzyme 
Activity  
(U/ml) 

Protein 
Concentration  
(mg/ml) 

Total 
Protein 
(mg) 

Total  
Activity 
(U) 

Specific 
Actvity  
(U/mg) 

Yield  
(%) 

Purification 
fold 

Crude extract  42 1138.5 ±
10.9 

136.9 ± 2.1 5749.3 47,815.0 8.3 100 1 

HisTrap 1  45 353.9 ± 5.4 5.3 ± 0.6 236.7 15,926.1 67.3 33.3 8.1 
Source 15Q  30 999.0 ± 2.6 5.9 ± 0.3 177.8 29,969.4 168.5 62.7 20.3 
After TEV 

cleavage  
48 198.7 ± 3.4 4.0 ± 0.3 190.0 9540.0 50.2 20.0 6.0 

HisTrap 2  55 167.8 ± 3.2 3.1 ± 0.4 173.0 9217.2 53.3 19.3 6.4 
SEC  50 148.7 ± 1.6 2.4 ± 0.1 120.0 7433.5 61.9 15.5 7.5  
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of the time required for priming and protein dimerization, necessary for 
the initiation of the enzymatic reaction [29]. Priming with a protein 
interaction partner such as PhaM, detergents, trimeric HBCoA analogs 
and multihydroxyl compounds like fructose are among the methods 
reported to shorten or eliminate the lag-phase [28,29,33,34]. PhaM 
from C. necator H16 is a granule-associated protein that serves as a 
natural primer or activator of PhaC activity by facilitating oligomeri
zation of PhaC and shortening the lag-phase as a result [34]. The nature 
of the activity shape of BrPhaC was studied and compared to RePhaC at 
three different temperatures. As shown in Fig. 3, the lag-phase was ab
sent, and the shape of the curves was unaffected by the temperature 
change for BrPhaC, unlike for RePhaC where the initiation of the reac
tion was highly dependent on temperature change. This observation 
may indicate that the BrPhaC has already adopted the necessary 
conformational changes before binding to the substrate. To the best of 
our knowledge, BrPhaC is one of the three PhaCs, which are reported not 
to exhibit a lag-phase. Class I PhaCs from C. crescentus (CcPhaC) [29] 
and from the purple photosynthetic bacterium Rhodovulum sulfidophilum 
(RsPhaC) [35] are the other two PhaCs which lack a lag-phase. Inter
estingly, all of these belong to the Alphaproteobacteria. 

Kinetic properties of BrPhaC 

The Michaelis-Menten fitting of the data is shown in Fig. 4. Vmax, Km 
and kcat values are 10.3 μmol/min/mg, 0.63 mM and 12.0 s-1 respec
tively. It was observed that storing the enzyme at even − 80 ◦C reduced 
the activity. Therefore, caution should be taken when interpreting the 
kcat by taking into consideration that this can underestimate the specific 
activity of the enzyme, the Vmax and then the kcat. Km is apparently not 
affected by this. Because of the presence of a lag-phase, the enzyme 
kinetics of the RePhaC were not determined in this study. 

Two studies have reported kinetic parameters of PhaC. One was 

performed on a lag-phase free CnPhaC achieved by adding 70% fructose 
to the reaction mixture [33]. The authors argued that the multihydroxyl 
compound fructose activates the enzyme to undergo dimerization and 
eliminates the lag-phase. The Km, which is a reflection of the affinity of 
the enzyme towards the substrate, documented for 3HBCoA as substrate 
was five times lower than that observed for BrPhaC in this study. 
Considering the experimental condition used in that study, which was 
far from the physiological conditions of the enzyme, it is difficult to 
compare the results as they are. In the other study, the Km determined for 
CcPhaC using 3HBCoA as substrate was almost half that reported for 
BrPhaC here [29]. The attempt to determine the kinetic parameters of 
another naturally lag-phase free class I PhaC, RsPhaC, failed because the 
activity never reached a plateau even at a very high substrate concen
tration [35]. 

The oligomeric state of the PhaCs 

The functional BrPhaC exists uniquely as a trimer 

PhaCs of all enzyme classes exist as either homo- or hetero- oligo
mers and oligomer formation is important for their polymerization ac
tivity [33,36]. Most PhaCs have been found to exist in an equilibrium 
between the monomeric and dimeric forms in vitro [14,15,32,33,37], 
and the presence of the substrate is believed to induce the dimerization 
[14,15]. BrPhaC eluted in a single peak only (Fig. 5A), corresponding to 
a homotrimer as verified by SDS-PAGE (Lane 5, Fig. 5B) and PhaC ac
tivity measurement (data not shown). The molecular weight estimated 
according to the calibration curve of the column was 226 kDa, which is 
approximately three times the size of the monomeric protein (Table 3, 
Suppl. Fig. 4). This appears to be the first report of a trimeric PhaC. 
Others have similarly reported that RsPhaC exists only as a functional 
dimer in the absence of a substrate [35]. The addition of 3HB-CoA in 

Fig. 2. Basic enzymatic characterization of BrPhaC and RePhaC. A; temperature optimum for activity of BrPhaC (Blue line with square points) and RePhaC (Red line 
with solid circles). B; NaCl concentration optimum for activity of BrPhaC (Blue line with square points) and RePhaC (Red line with solid circles). pH optimum for the 
activity of BrPhaC (C) and RePhaC (D), Blue line with square points represents BisTris Propane buffer, green line with triangles represents HEPES buffer and red line 
with solid circles represents Tis/HCl buffer. The error bars indicate the standard deviation of the results from duplicate/triplicate measurements. 
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different concentrations barely affected the dimerization profile. In 
another study that focused on the chain termination mechanisms of 
CcPhaC (which originates from the same bacterial family as the Bre
vundimonas genus), a migration of CcPhaC between dimeric or trimeric 
forms was observed [29]. As for BrPhaC, the reactions of RsPhaC and 
CcPhaC start instantly without a lag-phase. 

The charge profile of the CAP subdomain of BrPhaC does not support a 
dimeric structure 

The sequence of the CAP subdomain region in BrPhaC (422–541) is 
more polar than the homologous CAP subdomain of CnPhaC (347–471) 
and ChPhaC (319–471) (Suppl. Fig. 5). Larger hydrophobic residues are 

replaced by smaller and less hydrophobic ones, and the number of polar 
/charged amino acids is higher (Negative GRAVY scale for BrPhaC). This 
observation implies that the domain is likely to be a more solvent 
exposed area rather than that facing the other protomer. This finding 
may indicate that BrPhaC monomers can have other intermolecular 
contact points resulting in a different oligomerization characteristic. 
Despite several trials, efforts to determine the crystal structure of 
BrPhaC only resulted in poorly diffracting crystals (Suppl. Info. 2 and 
Suppl. Fig. 6). It was therefore not possible to study the intermolecular 
contacts and forces. It is considered unlikely that the trimeric structure 
of BrPhaC is stabilized by intermolecular disulfide bridges in the non- 
reducing buffer environment as mentioned elsewhere for other PhaCs 
[13–15]. There are only two cysteines in the sequence of BrPhaC 
including the catalytic Cys394, while CnPhaC has five. It is therefore 
impossible for the other cysteine to take part in a trimeric organization 
of BrPhaC protomers. 

Dimer formation in RePhaC is not necessarily mediated by substrate 
binding 

RePhaC was eluted in three different peaks (Fig. 5A) corresponding 

Fig. 3. The time-wise activity pattern of BrPhaC (Blue line with square points) 
and RePhaC (Red line with solid circles) at 15 ◦C, 30 ◦C and 45 ◦C in a 
discontinuous assay. The error bars indicate the standard deviation of the re
sults from triplicate measurements. 

Fig. 4. Michaelis-Menton enzyme kinetics of BrPhaC: the specific activity of the 
enzyme is plotted against the substrate concentration. Vmax = 10.3 μmol min-1 

mg-1, Km = 0.63 mM, kcat = 12.0 S-1, kcat/Km = 19.0 S-1 mM-1 The error bars 
indicate the standard deviation of the results from triplicate measurements. 

Fig. 5. Molecular weight determination of BrPhaC and RePhaC by size- 
exclusion chromatography. The chromatograph for elution of BrPhaC (blue 
line) and RePhaC (red line) and SDS-PAGE gel after SEC molecular size analysis 
are shown. Lane 1, Mark12™ protein standard marker; Lane 2, RePhaC peak 1; 
Lane 3, RePhaC peak 2; Lane 4, RePhaC peak 3; Lane 5, BrPhaC. 
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to a tetramer, dimer and monomer, and the respective sizes of the peaks 
were 250.5, 132.6 and 67.3 kDa (Table 3), in agreement with what was 
reported previously [14,15,32,33]. All three peaks correspond to 
RePhaC as verified by SDS-PAGE (Lane 2, 3 and 4 in Fig. 5B). PhaC 
activity was detected only in the dimeric form (data not shown). In spite 
of the absence of a substrate, the dimeric form of RePhaC was clearly the 
dominant one in this study, unlike what was reported elsewhere [14,32, 
33]. This indicates that dimer formation is not solely regulated by sub
strate binding and other factors might also play an important role. The 
dimer is the active form of the enzyme [28]. 

The unstructured and positively charged N-terminal domain of BrPhaC 
could be implicated in oligomerization and DNA binding 

Despite the availability of the crystal structures of the catalytic 
domain of two PhaCs, the understanding of the mechanism of dimer 
formation and catalysis remains limited, as the structures presented 
represent a non-active form. The catalytic domain of PhaC exhibits only 
a trace amount of activity without the N-terminal domain both in vivo 
and in vitro [14,38]. It has been shown that the N-terminal domain is 
implicated in the PhaC activity, substrate specificity, dimer formation 
and determination of the molecular weight of PHA polymers [16,37,38]. 

The N-terminal domain of BrPhaC is unique as it has an extra un
structured region at the start of the protein (aa 1–72) (Fig. 7). This extra 
extension was found only in PhaC sequences belonging to the Caulo
bacterales family. Using the BrPhaC in a search against the conserved 
domain database (CDD) [20] gave a hit in the N-terminus (aa 10–191) 
towards the τ subunit of bacterial DNA polymerase III (cdd accession: 
PRK07764) (Suppl. Fig. 3), more specifically towards a proline-rich 

tether and the start of domain IV. This region is thought to be a puta
tive DNA interaction site [39]. Thus, we speculate that this region ties 
the PhaC protein and possibly also the growing PHA granule to the 
bacterial DNA. The positive charge of the unstructured domain also fits 
with this hypothesis. An analysis of all Caulobacterales PhaC sequences 
reveals that the positively charged region is present and contains many 
prolines, alanines, arginines and lysines (data not shown). The region is 
unstructured, has variable length and has no apparent sequence con
servation. Interestingly a mutant CcPhaC with the first 85 amino acids 
removed, has been characterized [29]. When measuring activity, this 
enzyme had a lag-phase while the full-length protein did not. This 
suggests that the N-terminal disordered positively charged peptide 
might also strengthen/stabilize the oligomeric state of the functional 
PhaC, either by protein-protein interaction or protein-DNA interaction. 
Another interesting similarity is towards the PhaM protein found in 
C. necator. This protein is shown to associate with PhaC, stabilize the 
dimer, remove the lag-phase and bind DNA [34]. The DNA binding re
gion of PhaM has been investigated and a 2X PAKKA motif, located in 
the C-terminal, is found to be important for the DNA binding. This un
structured, C-terminal DNA-binding region of PhaM resembles that of 
the unstructured N-terminal region of BrPhaC. The role of BrPhaC’s 
exceptionally long N-terminal domain (1–276) in the oligomeric orga
nization of the enzyme remains to be investigated. Such unstructured 
and positively charged C-terminal extension was also observed in PhaCs 
from Cobetia [40]. 

Thermal adaptation of BrPhaC 

BrPhaC shows cold-adapted features 

The BrPhaC has cold-active features as it retains much of its activity 
when reducing the temperature below 20 ◦C. RePhaC is nearly inactive 
at 10 ◦C, whereas BrPhaC is still 40% active (Fig. 2A). Such cold-adapted 
activity or cold activity is one of the distinctive features of enzymes from 
organisms inhabiting a cold environment [41]. The cold activity of 
BrPhaC is not a surprising finding because it originates from a bacterium 
isolated from the Barents Sea. In addition, the higher Km value reported 
for BrPhaC reveals its lower affinity towards 3HBCoA substrate. Such a 
tendency of reduced affinity towards their substrate is one of the fea
tures of cold-adapted enzymes [42]. The reduced substrate binding af
finity is believed to compensate for the detrimental effect of low 
temperature. The results from this study indicate that BrPhaC indeed 
shows thermal adaptation features, and temperature affects the 

Fig. 6. A melting curve of BrPhaC (blue line) and RePhaC (red line) after DSC. Melting temperature (Tm) and ΔH respectively: BrPhaC, 47.1 oC and 692.9 kJ mol-1; 
RePhaC, 44.5 oC and 482.8 kJ mol-1. 

Table 3 
Determination of molecular weights of BrPhaC and RePhaC by size exclusion 
chromatography.  

Protein Theoretical 
monomeric 
MW 
(kDa) 

Experimental 
MW 
(kDa) 

BrPhaC  71.9 226.4 ± 5.1 
RePhaC  64.2  

Peak 1   250.5 ± 31.7 
Peak 2   132.6 ± 19.5 
Peak 3   67.3 ± 5.1  
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initiation of polymerization and the catalytic activity to a lesser extent 
than for RePhaC. This is in line with the theory that cold-adapted en
zymes tend to reduce the dependence on temperature [41]. 

The higher thermal stability of BrPhaC than RePhaC could arise from a 
need for local flexibility without losing its overall compact structure 

The absence of other oligomeric forms apart from the trimer can be 
explained by a compact structure of the trimeric BrPhaC [35]. The DSC 
analysis indeed showed a higher melting temperature (Tm) for BrPhaC 
(47.1 ◦C) than RePhaC (44.5 ◦C) (Fig. 6). This is the first study to report 
the Tm of the PhaC from C. necator H16 as measured by DSC analysis. 
The thermal liability of the enzyme was briefly studied earlier by using 
heat inactivation assay [43]. Both the melting temperature difference of 
2.6 oC and a very large difference in the enthalpy of unfolding (Suppl. 
Table 2) are characteristics of a more compact structure of BrPhaC [44]. 
Being a cold active enzyme, one would expect that the Tm for BrPhaC 
was lower than that for RePhaC. However, the trimeric organization of 

the BrPhaC enzyme may lead to an overall more stable structure, despite 
being cold-adapted. It can be hypothesized that the trimeric organiza
tion seen for BrPhaC is more stable than the dimeric organization seen 
for RePhaC. This could be due to a higher degree of subunit interactions, 
as seen for other proteins [45]. 

Enzymes from microorganisms adapted to low temperatures tend to 
show thermal adaptation features such as increased specific activity at 
low temperatures at the expense of reduced stability [42,44]. That is not 
the case for this PhaC from the bacterium isolated from the Arctic 
environment. Considering the cold activity of BrPhaC mentioned above, 
it is reasonable to assume that the enzyme may display a local flexibility 
without losing its compact structure as a whole. Cold-adapted enzymes 
are typically characterized by an improved flexibility of the structural 
regions involved in catalysis, whereas other protein regions not impli
cated in catalysis may be even more rigid than their mesophilic coun
terparts [41,42]. 

Fig. 7. Sequence alignment of selected type I PhaCs. The origin of the sequences and their accession numbers are: Br (Brevundimonas sp. KH11J01, acc nr. 
MW446820), Cc (Caulobacter crescentus NA1000, acc nr. YP_002516817.4), Rs (Rhodovulum sulfidophilum DSM 1374, acc nr. ANB35720.1), Ch (Chromobacterium sp. 
USM2, acc nr. ADL70203.1) and Cn (Cupriavidus necator H16, acc nr. CAJ92572). The predicted secondary structure belonging to BrPhaC is shown above the 
alignment. The predicted secondary structure of the N-terminal domain belonging to CnPhaC, together with the secondary structure extracted from the catalytical 
domain x-ray structure (PDB id 5T6O) is shown below the alignment in red and black, respectively. The location of the CAP subdomain and Lid region is also 
indicated. The domain organization of BrPhaC is shown. BrPhaC consists of two domains, the N-terminal domain (1–276 in green) the C-terminal (catalytic) domain 
(277–659) containing the catalytic triad residues C394, D550 and H579 (shown as triangle marks). The catalytic domain consists of the core subdomain (277–421, 
542–659, pale blue) and the CAP subdomain (422–541, light brown). The N-terminal domain comprises the unstructured region (1–72). 
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The implication of cold-adapted PhaC to an energy-efficient PHA 
production 

The results from this study reveal the cold-adapted features of 
BrPhaC. This may not have a direct relevance for PHA production, as in 
vitro synthesis of PHA using PhaC enzymes and PHA monomers by itself 
is expensive. Investigation of the microbial PHA synthesis machinery at 
a molecular level would rather increase understanding of the polymer 
formation that can be inferred to the organism level. The bacterium from 
which BrPhaC originated from, Brevundimonas sp. KH11J01, grows and 
produces PHA optimally indeed at ambient temperature (25 ◦C) in a 
medium of mild salinity (unpublished data). This is in agreement with 
the in vitro results reported here. The efforts to reduce the cost of PHA 
production focus mainly on utilization of low-cost carbon sources as 
feedstocks for the bacteria [46–48]. Energy efficient PHA production 
can be another area of cost reduction. The cost related to heating or 
cooling can be spared by using cold-adapted microorganisms harboring 
cold-active enzymes for PHA production at ambient temperatures. 
Exploiting the unique features of extremophiles for the economic ben
efits of PHA production has been recently discussed [49]. The trimeric 
BrPhaC with an increased stability and activity could also be beneficial 
in normal industrial settings. 

Concluding remarks 

The currently accepted catalytic mechanism of type I PhaC assumes 
that the dimer is the active form of the enzyme. The report of a func
tional PhaC with its trimeric organization in this study further compli
cates our understanding. It is possible that the available crystal 
structures, of the catalytical domain alone, do not properly reveal how 
the complete enzyme is assembled. A full-length crystal structure of 
BrPhaC is being pursued, although the high degree of flexibility within 
and between the domains makes this very challenging. The involvement 
of the PHA granules, other protein partners (PhaM in the case of 
CnPhaC) and possibly also DNA must be dissected to fully understand 
this enzyme class. It is clear that further structural and mutational 
studies are required to have a better understanding of the oligomeriza
tion and catalytic mechanisms of BrPhaC in full detail. 
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