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Abstract: Methanotrophs using methane and methanol as their source of carbon and energy will be an optimal strain for po-

ly-3-hydroxybutyrate ( PHB) biosynthesis in less expensive production. Then the study was carried on to improve the impor-

tant limiting factors for the application of synthesis of PHB in methanotrophs Methylosinus trichosporium IMV3011

(IMV3011). Tt has been found that malic acid, an important intermediate in TCA cycle, is a favorable organic acid for the

synthesis of PHB intracellularly. When the cell was cultivated for 24 h under different condition, the addition of malic acid

with appropriate concentration (5.7 x 10 *g/L in nutrients sufficient condition in the first stage and 0.03g/L in nutrients

deficiency condition in the second stage) would improve the mass of PHB in biomass to 55% in contrast to that with no ad-

dition (40% ). Combined with the activity of enzymes performed in PHB cycle, it was concluded that the optimal way to

produce PHB in high yield is to inhibit tricarboxylic acid (TCA) cycle to certain extent and not decrease the activities of

key enzymes in synthesis of PHB.
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Although Poly-3-hydroxybutyrate ( PHB ) has
many useful features ( biodegradability, biocompatibili-
ty and thermoplasticity ), its great cost hampers its
commercial biosynthetic production. To make this

process less expensive, readily available carbon
sources and active PHB producer strains are sought''’.
Methanotrophs which in most cases use methane or
methanol as their source of carbon and energy, play an
important role in the global carbon cycle and bioremed-
iation of soil and water systems.

As is known, low growth rates and low bioconver-
sion rates are the most important limiting factors for the
application of synthesis of PHB in methanotrophs.
Many efforts have been made to grow M. trichosporium

OB3b'>"* and M. capsulaius Bath "' with high MMO
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activity. Some essential factors of the culture such as
the pH, temperature and the concentration were opti-
mized in these studies. It has been reported that car-
bon dioxide can shorten the lag growth phase of M. iri-
chosporium OB3b and increase the final cell concentra-
tion ">/, The growth of M. album BG8 can be signifi-
cantly enhanced '®'by adding chloromethane, one of
the co-metabolic compounds of methanotrophs. Xing et

) had found the most significant effect of citrate on

al.
cell growth enhancement among organic acids such as
malate, citrate, succinate and maleate. However, the
specific growth rate was still very low.

Moreover, an optimal culture condition for second
stage which can increase the PHB concentration to

0. 16 g/L under nutrients deficiency condition was sug-
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gested. Citric acid was added as an inhibitor of tricar-
boxylic acid cycle (TCA), which was found favorable
for the PHB accumulation. Although these organic
acids with certain concentration have been reported to
improve the growth of methanotrophs 1 the study in
IMV3011 also show TCA cycle can be inhibited to
some extent by the key intermediates with appropriate
concentration. However, to our knowledge, there are
few reports on this aspect of methanotrophs PHB bio-
synthesis intracellular up to now.

In this study, the effect of citric acid on the PHB
accumulation was further studied. And the effects of
more organic acids, important intermediates in TCA
cycle, were studied to determine optimal conditions for
PHB production combined with the activities of en-

zymes essential to PHB cycle.

1 Experiments and Methods

1.1 Microorganisms and culture medium

The methanotrophs used was the strain Methylosi-
nus trichosporium IMV3011, which was obtained from
the Russia Institute of Microbiology and Virology ( Ki-
ev. Ukraine). The experiments were carried out in
mineral salt medium "'’

1.2 Cultivation conditions

Normal conditions: Under routine cultivation con-
ditions, liquid cultures were grown in aliquots 50 mL of
the mineral salt medium in 250 ml shake-flasks.
Shake-flasks were stoppered with rubber seal and
gassed with methane: air (1:1, v/v) gas mixture re-
plenished every 12 h. The cultivation of cells was car-
ried out at 30 °C for about 72-96 h''"’.

Culture with methanol: It took 48 ~72 h for the
culture to start growth in methanol vapor. The grown
culture under methanol vapor was adapted to grow on
liquid methanol by the serial transfer of the culture into
the medium (from 0. 1% up to 4% )" %,

All cultivations were performed in a sterile manner

13 . . . . ..
131 Citrie acid, malic acid, succinic

in two stages
acid, malonic acid, a-ketoglutaric acid, important in-
termediates of TCA, was added to the culture with dif-
ferent concentration for the study of synthesis of PHB

intracellular.

1.3 Analysis

1. 3. 1 Biomass concentration Absorbance was
measured at 660 nm ( HP 8453, spectrophotometer;
blank ; mineral salt medium) ; the biomass concentra-
tion was evaluated using a calibration curve.

Dry weight: 100 mL of the cell suspension was
centrifugated at 9000 rpm for 10 min, and the sediment
was dried at 105 °C to a constant mass.

1.3.2 Poly- 3-hydroxybutyrate
Recovery of PHB "'

After centrifugation or separation, the biomass
was freeze dried. Lipids and color substances were
then removed by extraction with methanol (80% , 1.5
h, 50 °C). In the second step, PHB was extracted
from the biomass with chloroform (1.5 h, 70 °C), the
dissolved PHB was precipitated with methanol. PHB
was washed twice with methanol, separated by filtra-
tion.

Analysis of PHB content
PHB content was determined by gas chromatogra-

51 About 40 mg of dried biomass powder was

phy
suspended in 4 mL of chloroform, 4 ml of methanol
containing vitriolic acid (15% ) and 20 mg of benzoic
acid, and the mixture reacted at 100 °C for 4 h. After
cooled, 4 mL of distilled water was added. The heavier
phase was directly analyzed on gas chromatography
(Agilent 6820 system, U.S. A, with an FID, a capil-
lary column; 0.23 mm 30 m; stationary phase, SE-
54). Pure poly-3-hydroxybutyric acid was used as
standard sample.

1.3.3 Analysis of Enzyme activity The supernatant
was prepared with the method "' and then used as cell-
free extract for assaying enzyme activities in a l-cm
constant-temperature cell at 30 °C with a Hewlett Pack-
ard 8 453 spectrophotometer.

B-Ketothiolase (EC 2.3.1.9) activity 6181, The
reaction mixture (1 mL) contained 100 mmol/L Tris-
HCI pH 8.3, 25 mmol/L MgCl,, 100 pmol/L aceto-
acetyl CoA, and 100 pmol/L CoA. The reaction was
assayed spectrophotometrically at D303.

Acetoacetyl-CoA reductase (EC 1.1.1.36) activ-

ity ''; The reaction mixture contained 100 mmol/L

potassium phosphate buffer pH 5.5, 1.5 mL; 0. 25
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mmol/L MgCl, 6H,0, 0.12 mL; 12.5 mmol/L dithio-
threitol( DTT) , 0. 1 mL; 6. 0 mmol/L. NADH, 0. 1
mL; 18 mmol/L acetoacetyl-CoA, 10 pwL; 0.1 mL of
the extract, and water to adjust the volume to 2.5 mlL.
The reaction was assayed spectrophotometrically at
D340.

PHB synthetase (EC 2.3.1) activity " The
reaction mixture contained 25 mmol/ L. Tris-HCl-buffer
containing 1 mmol/L, 5,5 *dithiobis- 2-nitrobenzoic
acid ( DTNB), 30 mmol/L D-3-hydroxybutyryl-CoA ,
and the extract. The reaction was assayed spectropho-
tometrically at D412.

PHB depolymerase activity''': Mixture of 50
mmol/L Tris HCI pH 8.0, 1 mmol/L CaCl,, and 150
pg PHB/ mL extract. The rate of D650 decrease was

CH,
MO
CH;0H

[

HCHO

Serine Pathway :

Type I Methanotrophs
acetyl-CoA

nutrients deficienc,
growth condition

acetoacetyl-CoA

acetoacetate

PHB cycle

RuMP Pathway

nutrients sufficient
growth condition

recorded and calculated molar absorption for PHB was
taken to be 0.00494 pL ng ' cm ',

Protein was assayed by the coomassie brilliant
blue G-250 method. The mean results of three inde-
pendent analyses are shown in the table.

1.4 Chemicals

Most chemicals were of analytical grade obtained

from Sigma-Aldrich. , U.S. A. , Methane with a purity

of 99.99% was commercially available.

2 Results and Discussion

2.1 Effects of organic acids in TCA cycle on the
PHB accumulation in IMV3011
The metabolism pathway in methanotrophs was

shown in scheme 1. Generally, PHB is accumulated in

/-Succinate FAD
a-ketoglutaric acid
( FADH,

Isocitrate  TCA Fumarate
cycle H,0

Type Il Methanotrophs  Citrate alate

‘\ /CNAD
Oxaloacetate NADH,

acetyl-CoA acyl transferase

acetyl-CoA reductase

3-hydroxybutyrylCoA

3-hydroxybutyrate

poly 3-
hydroxybutyrate
(PHB)

PHB depolymerase

PHB synthetase

Scheme 1 Metabolism pathway of TCA and PHB cycle in methanotrophs

the cell when the growth stops ""*'. Thus, the cultiva-
tion is generally performed in two stages: a continuous
growth phase ( nutrients sufficient) and a PHB accu-
mulation phase (nutrients deficiency) under different
concentrations of essential nutrients in batch culture.
In other words, harder TCA cycle proceeds, more car-
bon sources will probable be used for synthesis of

PHB. The intermediates in TCA cycle would be essen-

tial factors.

Wide range of concentration of key intermediate in
TCA was studied. In Table 1, it is shown that the ap-
propriate concentrations of different organic acids and
the accumulation of PHB under different condition.
Each of the acids with excessive concentration will limit
the growth of cells and then limit the accumulation of
PHB. From the results, it is found that each acid had
its own contribute to the growth and accumulation of

PHB. In contrast to the results (0.56 g/L of X

total 9
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Table 1 Effects of different organic acids on PHB accumulation in IMV 3011

Citric acid Malic acid Succinic acid Malonic acid a-Ketoglutaric acid
a b a b a b a b a b
Concentration(g/L)“ 0.050 0.050 5.7 x10°*0.030 0.010 1.2x107° 7.2 x10~" 0.050 5.0x10™° 5.0x107°
X (g7L) 1.03 0.6l 1.05  0.59 0.90  0.48 1.09  0.60 0.78 0.57
Xt/ X (%) 18 37 17 55 18 45 17 38 20 36
X (&/L) 0.18 0.22 0.18 0.33 0.16  0.22 0.18  0.23 0.15 0.20

a: nutrients sufficient condition; b: nutrients deficiency condition;

c: appropriate concentration of organic acid added to different condition.

40% of Xpyp/ X, and 0.22 /L of X,,;) under con-
dition with no addition, most of the addition cant help
to improve the synthesis of PHB. Citric acid, malic
acid and malonic acid were found to be most favorable
for the cell growth under an appropriate concentration
for PHB synthesis. Among all of the organic acids add-
ed to the culture, malic acid in certain concentration
was found to be more favorable for the PHB synthesis
than the others. The other organic acids cant be so fa-
vorable for the synthesis of PHB probable because they
inhibit the TCA cycle or they have too low osmotic to
enter into the cell to act on the synthesis of PHB.

It has also been reported that supplementation of

organic acid at a certain cultivation time was able to

60 1.0
40.8
IQ‘{“‘
40 — N 3 0.6
>
20 ;/‘/—-—0——"\'
0.2

0

Xens/Xeot (%)

1 1
0 50 100 150
Time of adding malic acid (h)

Fig. 1 Effect of the time of adding malic acid
on growth and accumulation of PHB
@ X,/ X, (% ) :content of PHB in the cell
cultivated in nutrients sufficient culture medium with malic
acid (5.7 x10 *g/L) added at different time;
W X,,;/X,.(%): content of PHB in the cell
cultivated in nutrients deficiency culture medium with malic
acid (0.030g/L) added at different time;
A X, , biomass of cell cultivated in nutrients
sufficient culture medium with malic acid
(5.7 10 *g/L) added at different time;
il » biomass of cell cultivated in nutrients deficiency
culture medium with malic acid (0.030g/L)
added at different time.

X

enhance the cell growth to some extent /. For differ-

ent acids, the optimal time of adding can also influence
the accumulation of PHB intracellular. When malic
acid with suitable concentration was added to the cul-
ture cultivated for 24h, it would do the best effect on
the accumulation of PHB in the cell. The adding of
substrates at incorrect time would lead to inaccurate re-
sults and wrong conclusions.

2.2 Effects of activities of key enzymes in PHB cy-

cle on the PHB accumulation

The activities of enzymes in IMV3011 cell extracts
in nutrients sufficient condition (0 ~17% PHB in the
biomass) and in nutrients deficiency condition (12 ~
27% PHB in the biomass) are shown in Table 2. At
96h of the first stage in nutrients sufficient and defi-
ciency culture, we observed the activities of B-ketothi-
olase, acetoacetyl-CoA reductase, PHB synthetase,
and PHB depolymerase (Table 2).

From the results, it was shown that the activities
of different enzymes to accumulate PHB in IMV3011
were different under different cultivated conditions with
different carbon sources. The activity of PHB syn-
thetase was shown to do the greatest contribution to
PHB synthesis. However, [-ketothiolase which is the

17.18] Joesn” t do much

key enzyme in PHB synthesis '
contribution. It is probable because that B-ketothiolase
will be great important to the synthesis of PHB at the
initiation of the course while it will be less important
when it comes to the final of the course. Then the
change of the activity of B-ketothiolase irregular was
due to the PHB accumulation came to different stage
when cultivated for 96h under different condition. But
it is sure that the final PHB production will be de-

creased when any of the activities of these enzymes in

the synthesis of PHB was especially low.
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Table 2 Activities of key enzymes for synthesis of PHB in PHB cycle of IMV 3011 cells
B C
a b a b a b
X/ Xpp 5 (%) 17.1 26.8 13.5 12.5 0 14.19
B-ketothiolase, (U) 0.012 0.023 0.021 0.0061 0.011 0.0019
acetoacetyl -CoA reductase, (U) 0.0036 0.0059 0.045 0.019 0.027 0.017
PHB synthetase, (U) 0.00077 0.0013 0.00030 0.0012 0. 00099 0.0014
PHB depolymerase, ( g/min/mg protein) 2.86 9.85 5.30 10.6 0 4.89

A carbon sources: gas with 50% methane, methanol; B: carbon sources: gas without methane, methanol;

C. carbon sources; gas with 50% methane, without methanol.

a: nutrients sufficient condition; b: nutrients deficiency condition.

Moreover, the activity of PHB depolymerase
(2.86-10. 6 ug/min/mg protein) under different con-
dition was higher than that in M. trichosporium OB3b
(2g/min/mg protein) . And this maybe the main rea-
son for the lower molecular weight (1.3 x10°) of PHB
in IMV3011. Tt is also find that the activity of PHB de-
polymerase was dramatically higher under nutrients de-
ficiency culture with higher PHB production; while the
activity of the enzyme dropped to zero when no PHB
was produced. It suggested that the PHB depolymerase
would play an important role in supplying the cell ener-
gy by depolymerizing PHB when the cell need. Then it
promotes the PHB cycle (Scheme 1) in the cell, and
then the accumulation of PHB comes to decrease fol-
lowing with the finish of the cell cultivation under cer-

tain condition.

3 Conclusions

In this article, it has been found that malic acid is
a favorable organic acid for the synthesis of PHB intra-
cellular under different conditions in different cultivat-
ed stage. For its inhibition on TCA cycle and good
effects on the activities of enzymes in synthesis of
PHB, malic acid is an optimal addition for the synthe-
sis process of PHB. Moreover, the time for adding the
substrate should be taken into account. From the a-
bove, it has first been proved that the inhibition of
TCA cycle will improve the synthesis ability of PHB in
this strain. Meanwhile, it is better for the accumulation
of PHB when the methods to inhibit the TCA cycle will
be propitious to or sustain the activity of the enzymes
that do a lot contributes to the accumulation of PHB.

The study will help us to find more appropriate sub-

strates and methods to improve the synthesis of PHB in
methanotrophs.
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