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Abstract To understand the utilization property of light energy, Synechococcus sp. MA19, a poly-
B-hydroxybutyrate (PHB) producer, was cultivated at the different incident light intensities of
15.3, 50.0 and 78.2 W/m? using media with and without phosphate. From the results of metabolic
flux analysis, it was found that the cell yield based on ATP synthesis was estimated as 3.5x 10?3
kg-biomass/mol-ATP in these cultures. Under the examined conditions, there were no significant
differences in the efficiency of light energy conversion to chemical energies estimated as ATP syn-
thesis and reducing potential (NADH + NADPH) formation whether the PHB synthesis took
place or not. The energy converted from light to ATP was kept relatively high around the energy
absorbed by the cells of 2.5-3.0 x 10°] h' kg, whereas the energy of reducing potential was hardly
changed in the examined range of the energy absorbed by the cells.
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INTRODUCTION

The cultures of photosynthetic bacteria offer the po-
tentials for production of useful materials from CO,.
Poly-B-hydroxybutyrate (PHB) is one of the useful and
interesting raw materials for biodegradable plastics.
Some cyanobactera are known to be capable of produc-
ing and accumulating PHB from CO, [1,2]. In our pre-
vious paper [3], it was reported that thermophilic
cyanobacterium, Symechococcus sp. MA19, which was
isolated from the surface of a wet volcanic rock in Japan
[4], could accumulate PHB in the cells up to 55% (w/w)
under phosphate-limited conditions.

From a view point of energy capture, photosynthetic
bacteria utilize light as a sole energy source and convert
the light energy to chemical energy for cell growth and
production of metabolites. Recently, intracellular flux
analysis has been become of interest as a powerful tool
for evaluating metabolic distributions in cells, and ap-
plied to many microbial cultures for the purpose of im-
provement of production processes [5-9]. The knowl-
edge of intracellular flux distributions under different
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conditions makes it possible to understand the funda-
mental metabolisms in detail, giving useful information
applied to bioreactor designs and control strategies of
culture systems. With respect to microalgal cultures,
Yang et al. [10] employed metabolic flux analysis to dis-
cuss the energetics and carbon metabolism of Chlorella
pyrenosidosa grown under photoautotrophic and mixo-
trophic conditions. They further reported the carbon
flux distributions of Synechocystis sp. PCC6803 based on
quantitative analysis of intracellular metabolites using
gas chromatography/mass spectrometry and two di-
mensional 'H-"C correlation nuclear magnetic reso-
nance spectroscopy [11].

In the present study, the photoautotrophic cultures
of Synechococcus sp. MA19 were conducted using media
with and without phosphate. Based on metabolic flux
analysis, moreover, the utilization property of light en-
ergy was discussed in terms of ATP synthesis and re- -
ducing potential (NADH + NADPH) formation.

MATERIALS AND METHODS
Bacterial Culture and Medium

A thermophilic PHB-producing cyanobacterium,
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Fig. 1. Setup of equipment for cultivation of Synechococcus sp.
MA19 under photoautotrophic conditions.

Synechococcus sp. MA19 [4], was cultivated in a BG11
basal medium [12] containing 1.5 g NaNO,, 30 mg
K,HPO,, 75 mg MgSO, - 7H,0O, 35 mg CaCl,-2H,0, 6
mg citric acid, 6 mg ferric ammonium citrate, 1 mg
EDTA 2Na, 1 mg Na,CO,, 2.86 mg H;BO,, 0.222 mg
CuSO, - 5H,0, 0.021 mg Na,MoQO,: 2H,O, 10 mg vita-
min B,,, and 11.9 g HEPES (Dojindo Lab., Kumamoto,
Japan) in 1 dm® of distilled water. The medium pH was
adjusted to 8 with NaOH solution. When phosphate-
free BG11 medium was used, K,HPO, was omitted
from the medium components. Each culture started
with 10% (v/v) inoculum. The cells were grown at 50
°C in a couple of 2 dm? flat, oblong flasks (16 cm wide x
40 cm high x 4 cm deep) connected in series (working

volume of each flask, V = 1.8 x 10® m?), as shown in Fig.

1. The culture was illuminated at both sides of the
flasks with a bank of fluorescent Jlamps at an incident
light intensity, I,, of 15.3, 50.0, or 78.2 W/m’. Air con-
taining 2% (v/v) CO, was introduced into the flasks at
a flow rate of 50 cm®/min.

Analytical Methods

The concentration of cell mass, X, and PHB content
in the cells, R,, were determined by the methods de-
scribed elsewhere [3]. The amount of cellular compo-
nents besides PHB, X, calculated by X = X(1-R;}, was
recorded as biomass in the present study. Partial pres-
sures of CO, and O, in the flowing gas phase were
measured using a gas analyzer (Model DEX-1562-1,
ABLE, Japan), and CO, uptake rate, CUR, and O, evolu-
tion rate, OER, during the cultures were estimated
based on the gas flow rate and partial pressures of CO,
and O, in inlet and outlet gas phases. Incident light in-
tensity, [, was measured by using an illuminometer
(Model M-10A2, ABLE, Japan). Light energy absorbed in
the cell suspension, E, was calculated according to the
method described elsewhere {13]. The light attenuation
through absorption by the cells was expressed based on
a Lambert-Beer formula with effective absorption coef-
ficient, a, and total light energy absorbed in the cell
. suspension, E;, was calculated by the following equa-
tion, taking account of light irradiation on the both side
faces of each flask.
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E; =2 (3600) [,A{1-exp(-a(X)- L)} o)

where A = 6.4 x 10” m* and L = 0.04 m in the present
study. The o value was determined from the data of the
light transmittance against light path length measured
at various cell concentrations, and was correlated with
the X value by the empirical equation as follows.

a(X) = 38X°% + 7.0 @)

Then, net light energy absorbed by the cells was deter-
mined as follows.

E. = (E-EW/XV 3

Hence the value of E,, was obtained by substituting a
= 7.0 m? (determined from light transmittance in the
cell-free medium) for Eq. (1).

Metabolic Flux Analysis
Metabolic Network of Synechococcus sp. MA19 Cells

The central metabolic network in MA19 cells grown
under a photoautotrophic condition was constructed
according to those of other microbes found in the publi-
cations [6,9,14]. The genomic information of Synecho-
cystis sp. PCC6803 (CyanoBase, URL: http://www.ka-
zusa.or.jp/cyano/, March 10, 2001) was employed for
reference of enzymatic reactions involved in metabolic
fluxes of MA19 cells. CO, is fixed through photosyn-
thesis (Calvin-Benson cycle), incorporated into glycoly-
sis in a form of phosphoglycerate (PGA), and metabo-
lized through tricarboxylic acid pathway, associated
with PHB synthesis via acetyl-CoA under a phosphate-
limited conditions [3]. As ATP-forming pathways, oxi-
dative phosphorylation and photophosphorylation were
included in the network. Calvin-Benson cycle and pen-
tose phosphate pathway sharing their intermediates
were combined into one pathway for convenience in
the present study.

Flux Calculation in Metabolic Network

A stoichiometric model combined with measure-
ments of substrate and extracellular products was ap-
plied to the estimation of intracellular metabolite fluxes.
The metabolite accumulation rates can be expressed as
follows.

rg=2ax (=12 ..,mandj=12..,n)(4)
where r, is the accumulation rate of a metabolite 7, 4; a
stoichiometric coefficient and x; the flux through jth
reaction. The metabolite i and reaction ; involved in the
metabolic network in MA19 cells are specified in Ap-
pendices A and B, respectively. Based on the mass bal-
ances of respective metabolites, the following equation
can be obtained.
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Sx=r ©)

where S is m x 1 matrix of stoichiometric coefficients, x
an n-dimensional flux vector, and # an m-dimensional
metabolite accumulation vector. The weighted least
square solution to Eq. (5), provided m > # and § is of full
rank, is

x = (ST¢'S)'STp'!y (6)

where ¢ is the matrix of measurement noise variance-
covariance with respect to the vector r.

The elements of r considered in the present study are
given in Appendix A, where the measured extracellular
compounds are cell mass including biomass (cellular
components) and PHB fractions, CO, and O,, because
usual metabolites such as organic acids and ethanol are
not formed as end products by MA19 cells. The ele-
ments of r corresponding intracellular metabolites were
set to zero by approximating a pseudo-steady-state for
concentration of intracellular metabolites according to
the literature [15]. The diagonal elements of ¢ were
calculated from the variance of measured data for the
extracellular compounds, where standard deviations of
the measurement data were 5% for the amounts of cell
mass and PHB, and 10% for the CUR and OFER values.
Variance for intracellular metabolites was set to zero.

Biomass synthesis was represented as a lump equa-
tion, where stoichiometric coefficients were determined
from composition of major cellular components so as to
match the elemental formula of CH,N, 40, ¢ (with
9.22% ash), which was obtained experimentally for
biomass fraction of MA19 cells excluding PHB, accord-
ing to the literatures [15-18]. A reaction was also in-
cluded for dissipating excess ATP for maintenance me-
tabolism, transport costs, or the energies required to
retain concentration gradients across cell membranes.

To handle an ill-posed problem due to rank efficiency,
the following two equations were assumed in the pre-
sent study.

1) According to the previous study (14), photosyn-
thetic CO, fixation rate is equivalent to photosynthetic
O, evolution rate, so that the following equation holds:

X15 = X16 )

where x;5 and x4 are the fluxes of photosynthetic O,
evolution and photosynthetic CO, fixation, respectively
(Appendix B).

2) Actual O, evolution rate, r,, depends on light en-
ergy absorbed by the cells, E.. Fig. 2 shows the relation
between the r, and E. values, which were determined in
a series of measurements using conducted MA19 cells
cultures under various light conditions. The following
empirical equation was then obtained from the data

matching by the nonlinear least-squares method.
r, = 1.74Ec/ (3.55x10° + E) - 0.488 ®)

Employing Egs. (7) and (8), the matrix A is of full rank
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Fig. 2. Relationship between r_and E. values determined for
Synechococcus sp. MA19 cells. The line was fitted by Eq. (8).
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Fig. 3. Time profiles of Synechococcus sp. MA19 cultures in
phosphate-containing medium at different incident light in-
tensities of 15.3, 50.0 and 78.2 W/m?2.

and the flux distribution could be calculated using a
software, BIONET [6]. :

RESULTS AND DISCUSSION

Batch Cultures of Synechococcus sp. MA19 in
Media with and without Phosphate

In the previous study [3], it was reported that phos-
phate in the medium was one of the key factors to in-
duce the accumulation of PHB in MA19 cells. In the pre-
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Fig. 4. Time profiles of Synechococcus sp. MA19 cultures in
phosphate-free medium at different incident light intensities
of 15.3, 50.0 and 78.2 W/m?2.

sent work, the batch cultures of MA19 cells were then
conducted using phosphate-containing BG11 and phos-
phate-free BGI1 media under the photoautotrophic
conditions at incident light intensities of 15.3, 50.0, and
78.2 W/m? In the cultures using the medium with
phosphate as shown in Fig. 3, notable PHB accumula-
tion was not observed at the examined incident light
intensities. These results indicated that the phosphate
limitation did not take place for the production of PHB
in MA19 cells cultivated under the examined conditions
(phosphate concentration in medium: 0.027-0.17 mol/
m®, estimated from cell yield on a phosphate basis). The
amount of cellular components, X, was increased with
elapsed time of culture and reached almost the same
level at the end of cultures (X = 2.3, 2.5 and 2.5 kg/m®
at I, = 15.3, 50.0 and 78.2 W/m?’ respectively). In any
cultures, the growth of MA19 cells was retarded at the
late periods of cultures, values of CUR and OER ap-
proaching zero.

On the other hand, in the cultures using the phos-
phate-free medium, the increases in X, value stopped
during the relatively early stages of cultures in the three
intensities of incident light (Fig. 4). To the contrary,
PHB accumulation started at the early periods of cul-
tures under any light conditions and the value of PHB
content, Ry, increased as light intensity increased. Phos-
phate was not detected in the medium throughout
these cultures.
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Fig. 5. Typical flux distributions of metabolic pathway in
Synechococcus sp. MA19 cells cultivated at incident light inten-
sity of 50 W/m2 (A) Culture in phosphate-containing me-
dium and (B) culture in phosphate-free medium. The flux
values are normalized by the flux for CO, fixation by
RuBisCO. The left- and right-hand numerals are the flux val-
ues calculated for culture times from 22 to 47 h and from
194.5 to 215 h (A), and culture times from 24 to 49 h and
from 120 to 170 h (B).

Metabolic Flux Distributions in Syrtechococcus sp.
MA19 Cells

Based on the metabolic network mode! and the mea-
sured experimental data, intracellular flux distributions
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were calculated to evaluate the states of MA19 cells
grown under the photoautotrophic conditions. A com-
parison of metabolic fluxes was made in the cultures
using the media with and without phosphate (Figs. 3
and 4). Fig. 5 represents. the typical flux distributions
calculated from the data obtained in the cultures using
the phosphate-containing medium (+ = 22-47 and 194.5
-215 h), and from the cultures using the phosphate-free
medium (t = 24-49 and 120-170 h), respectively. The
numerical values indicating fluxes are normalized by
the calculated flux value for CO, fixation by ribulose-
1,5-bisphosphate  carboxylase/oxygenase (RuBisCO),

and the left and right-hand sides of figures show the

fluxes during the respective culture times indicated.

In the culture with the phosphate-containing me-
dium (Fig. 5(A)), the mean values of light energy ab-
sorbed by the cells were Ec = 5.1 x 10° and 2.4 x 10° |
h' kg’ for t = 22-47 and 194.5-215 h, respectively. Con-
cerning the flux distributions, the flux of biomass syn-
thesis obviously decreased when the light energy ab-
sorbed by the cells reduced, which can be explained by a
decrease in the fixation of CO, via RuBisCO activated
by photo-irradiation. In the case of the phosphate-free
medium (Fig. 5(B)), the mean values of light energy ab-
sorbed by the cells were E. = 3.1 x 10° and 1.5 x 10° J h”!
kg for t = 24-49 and 120-170 h, respectively. A signifi-
cant decrease in the flux of PHB synthesis was recog-
nized at the lowered value of E. = 1.5 x 10°J h™" kg™. With
respect to the oxidative phosphorylation pathway, ap-
preciable changes in the flux distributions were found
between the early phase (r = 22-47 and 24-49 h) and
the middle phase (t = 194.5-215 and 120-170 h) in both
cultures using media with and without phosphate.
From the results seen in Fig. 5(A) and (B), it was obvi
ous that a decline in the E. value led to the deteriorated
potentials of biomass and PHB syntheses in the photo-
autotrophic culture of MA19 cells. The £ value can be
kept at a desirable level by regulating incident light in-
tensity along with the change of cell concentration,
which may offer a strategy for the maintenance of rela-
tively high flux of PHB synthesis during the culture.

Estimation of Energy Efficiency Based on
Metabolic Flux Analysis

To evaluate the efficiency of energy capture, the amounts
of ATP and biomass (cellular components) syntheses
were estimated based on the metabolic flux analysis.
The flux distributions in the metabolic pathway were
calculated in the different cultures of MA19 cells con-
ducted under the examined conditions. The relative
quantities of biomass formed and ATP synthesized, m
and nqp respectively, were defined as follows.

cell

Mg = (0, XVANM 9)
Hppp = (%4 + X6 + 205 + xp + Ay, + 25,5)X VA (10)

where x, is the calculated flux value of biomass forma-
tion, x,, X4, X5, X1, X, and x,5 are the calculated flux
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Fig. 6. Relationship between amounts of biomass and ATP
synthesized in Sysechococcus sp. MA19 cells cultivated under
various conditions.

values concerning ATP synthesis (Appendix B).

As shown in Fig. 6, a linear relationship was found
between the values of m, and #,p, regardless of the
culture conditions such as the incident light intensity
and medium composition relating to PHB accumulation
in MA19 cells, which indicates that the ATP synthesis
would be a rate-limiting step in the growth of MA19
cells. The slope of the dotted line shown in Fig. 6 im-
plies cell yield based on ATP, Y,pp = #1.4/#41p. The value
of Y,7p was estimated as Y, = 3.5 x 10” kg-biomass/
mol-ATP (correlation coefficient: 0.93).

Using the data from the metabolic flux analysis, the
energies converted from light to ATP and reducing po-
teintial (NADH + NADPH), E,;; and Eggp respectively,
were also calculated, as defined by the following equa-
tions.

Epe = (%, + xg 4 2xy5 + %y + 4y + 2x05) (-AG 1p)

(11)
Eqep = #F{(x1; + x50 + 250 + x5 +0.101x,¢)
(- AE®qapp) + vy + 2% + 2xy5 + xy)

(- AE°yapp) } (12)

where x,, Xg, X5, X1, %54 and x,5 are the calculated flux
values for ATP synthesis, x;;, ¥, X5, X3, and x, are
those for NADH synthesis, and x,, x5 x5 and x,, are
those for NADPH synthesis (Appendix B). In Eqgs.(11)
and (12), the value of AG®,7, = -2.93 x 10* J/mol, 1, = 2,
F = 9.65 x 10* C/mol, and AE®upp and AE®,ppy = -0.32
V were adopted [19].

Figs. 7(A) and (B) represent the plots of E 1, and Eggp
values against the E value, respectively. The data ob-
tained from the cultures with and without PHB syn-
thesis were overlapped with each other in both cases of
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sp. MA19 cells cultivated under various conditions. (A) Energy
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energies estimated as ATP (E,rp) and reducing potential
(Exep). With respect to E pp, the values were maximized
around E. = 2.5-3.0 x 10° ] h”! kg, whereas the flat pro-
file of Eg;, was obtained in the examined range of the
energy absorbed by the cells. It is thus suggested that
the light energy can be effectively utilized when the
light intensity is regulated keeping the E. value at 2.5-
30x10°] htkg™

In conclusion, the cell yield based on ATP synthesis
was estimated as 3.5 x 10 kg-biomass/mol-ATE, based
on the metabolic flux analysis of MA19 cells grown
under the photoautotrophic conditions. Under the
examined conditions, the energy converted from light
to ATP was kept relatively high in the vicinity of E. =
2.5-3.0 x 10° ] h! kg, which will offer useful informa-
tion to cultivate MA19 cells under a controlled light
condition.

R == wr
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NOMENCLATURE
A side area of flask receiving incident light [m?]
a. stoichiometric coefficient of metabolite 7 in

reaction f [-]
CUR  CO,uptakerate [molh'kg"]
Ec light energy absorbed by cells [J h' kg]

Ey light energy absorbed in cell-free medium [J/h]

E; total light energy absorbed in cell suspension
/h)

E,m energy as ATP per unit weight of cell mass
Jh'kg"

J energy as reducing potential (NADH + -
NADPH) per unit weight of cell mass
b kgl

F Faraday’s constant [C/mol]

i metabolite [-]

I, incident light intensity [W/m’]

f metabolic reaction [-]

L length of light pass [m]

M.y provisional molecular weight of cellular com-
ponents (biomass without PHB) [kg/mol]

Mg amount of biomass synthesized [kg-biomass]

", number of electron transferred [-]

Harp amount of ATP synthesized [mol-ATP]
OER O, evolution rate [mol h kg]

R; PHB content in cell mass [% (w/w)] .
t vector of m-dimensional metabolite accumula-
tion rate [mol h™ kg']
t; accumulation rate of metabolite /
[mol h! kg']

-
[<}

actual O, evolution rate [mol b kg']

m Xn matrix of stoichiometric coetftecient [-]

culture time [h]

volume of medium [m?]

cell mass concentration [kg/m®]

concentration of cellular components

(biomass without PHB) [kg-biomass/m?]

n-dimensional flux vector [-]

flux through reaction j [mol h kg]

ATP cell yield based on ATP [kg-biomass/mol-ATP)

effective absorption coefficient of light [m™]

AG®,pp free energy change in reaction of ATP
hydrolysis [J/mol]

AE°,pu potential change in oxidation of NADH [V]

AE®,ppy Potential change in oxidation of NADPH [V]

0] vector of measurement noise variance-

covariance [-]

<

O

Appendix A. Metabolite 7 (i = 1-29) for
Construction of Accumulation Rate Vector

1 ACACCOA  Acetoacetyl coenzyme A

2 ACCOA Acetyl coenzyme A

3 oKG a-Ketoglutarate

4 ATP Adenosine 5'-triphosphate

5 BIOMAS Cellular components (M., = 0.1 kg/
mol for convenience) ’

6 CQ, Carbon dioxide

7 DHAP Dihydroxyacetone-phosphate
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8 E4D Erythrose-4-phosphate

9 F6r Fructose-6-phosphate

10 FADH Flavin adenine dinucleotide, reduced
form

11 G6r Glucose-6-phosphate

12 GAP Glyceraldehyde-3-phosphate

13 ISOCIT Isocitrate

14 MAL Malate

15 NADH Nicotinamide adenine dinucleotide,

reduced form
16 NADPH Nicotinamide adenine dinucleotide
phosphate, reduced form

17 O, Oxygen

18 OAA Oxaloacetate

19 PEP Phosphoenolpyruvate

20 PGA Phosphoglycerate

21 PHB Poly-B-hydroxybutyrate
22 PYR Pyruvate

23 R&P Ribose-5-phosphate

24 RBUSP Ribulose-5-phosphate

25 RUBP Ribulose-1,5-bisphosphate
26 S7P Sedoheptulose-7-phosphate
27 SUC Succinate

28 SUCCOA Succinyl coenzyme A

29 X3P Xylulose-5-Phosphate

Appendix B. Metabolic Reaction j (f = 1-29)

Glycolysis (Embden-Meyetrhof-Farnas pathway)
1 G6P = F6P

2 F6P + ATP = GAP + DHAP + ADP

3 DHAP = GAP _

4  GAP + ADP + NADP= PCA + NADPH + ATP
5 PGA =PEP + H,0O

6 PEP + ADP = ATP + PYR

An

7

aplerotic reaction
PEP + CO, = OAA

Pentose phosphate

8  Go6P + H,0O + 2 NADP = RBUSP + CO, + 2 NADPH
9 RBUSP = RSP

10 RBUSP = X5P

11 X5P + RSP = S7P + GAP

12 S7P + GAP = F6P + E4P

13 X5P + E4P = F6P + GAP

14 RBUSP + ATP = RUBP + ADP

Photophosphorylation
15 2NADP + 2 ADP + 2 H,0 = 2 NADPH +
2ATP + O,

CO, fixed reaction
16 RUBP + CO,= 2 PCGA

Tricarboxylic acid cycle

17 PYR + COA + NAD = ACCOA + CO, + NADH
18 ACCOA + OAA + H,0 = ISOCIT + COA

19 ISOCIT + NADP = oKG + NADPH + CO,

20 aKG + COA + NAD = SUCCOA + CO, + NADH
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21 SUCCOA + ADP = SUC + COA + ATP
22 SUC + H,0 + FAD = MAL + FADH
23 MAL + NAD = OAA + NADH

Oxidative phosphorylation (P/O = 2)
24 2NADH + O, + 4 ADP = 2H,0 + 4 ATP + 2 NAD

25 2FADH+ O, +2ADP =2H,0+ 2ATP + 2FAD

Biomass synthesis

26 0.193 PYR + 0.073 aKG + 0.092 OAA + 0.050
PGA + 0.0081 R5P + 0.39 ACCOA + 0.015 E4P +
0.061 PEP + 0.0114 GAP + 0.180 G6P + 0.064 F6P
+ 0.515 NO; + 1.050 ATP + 1.242 NADPH +
0.101 NAD = BIOMAS + 1.050 ADP + 1.242
NADP + 0.101 NADH

Unaccounted for ATP requirements
27 ATP = ADP

PHB synthesis pathway

28 2 ACCOA = ACACCOA + COA
29 ACACCOA + NADPH = PHB + COA + NADP
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