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With the advent of modern bioengineering tools, photosynthetic organisms are increasingly being engineered to produce
chemicals from CO2 sources, thereby creating a potential route of sustainable chemical production. Cyanobacteria have
evolved a carbon-concentrating mechanism (CCM) that enables growth at low-environmental carbon concentrations.
However at high-carbon concentrations these benefits may not outweigh synthesis costs. Here, mass transport and
kinetic modeling analyses were performed on two species of cyanobacteria as well as a hypothetical no-CCM mutant.
Modeling results correlated with published experimental data. Three conclusions were drawn from the analysis. Carbox-
ysome geometry was unimportant due to the fast relative rate of diffusion of carbon species. Interspecies variations
were largely due to active HCO2

3 transporters. The no-carboxysome cell approaches the wild-type at 10% CO2. There-
fore, in high CO2 environments the carboxysome and active bicarbonate transporters provide no benefit and a metabolic
advantage could be achieved by eliminating the energy-intensive CCM proteins. VC 2014 American Institute of Chemical

Engineers AIChE J, 60: 1269–1277, 2014
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Introduction

Sustainable production of fuels and chemicals is a goal of
many chemical engineers motivated by economic opportuni-
ties and/or environmental concerns. To be sustainable, proc-
esses must be developed to recycle and reuse organic
materials instead of using finite raw materials such as fossil
fuels. Unfortunately, the most abundant source of carbon,
atmospheric CO2, is a poor starting point for most organic
syntheses. For this reason, photosynthetic microbes are an
attractive biocatalyst platform for converting CO2 into high-
value organic chemicals. Like plants and algae, cyanobacte-
ria have the ability to use sunlight to power the oxidation of
water for the generation of cellular energy (ATP) and elec-
trons (reducing equivalents, e.g., NADPH) that can be used
to reduce CO2 and produce organic compounds. To maxi-
mize the potential for bioconversion of CO2 into desirable
products, it is useful to understand the fundamental proper-
ties and limits of biological CO2 acquisition and metabolism.

Cyanobacteria are oxygenic photosynthetic microbes found
in diverse and often extreme terrestrial, marine, and fresh-
water environments including the desert, volcanic hot
springs, and glaciers.1 In cyanobacteria, photosynthesis is
carried out in the thylakoid membrane, which contains the
components of the photosynthetic electron transport chain.
The protein complex Photosystem II (PSII) catalyzes the
light-driven oxidation of H2O, producing molecular O2 as
a byproduct. Protons and electrons released during H2O

oxidation are used for ATP production and reduction of

NADP1 to NADPH. ATP and NADPH are subsequently uti-

lized by the Calvin-Benson-Bassham cycle (CBB cycle) for

the fixation of CO2 into organic molecules, while O2 acts as

a competitive inhibitor of carbon fixation because of the dual

substrate specificity of ribulose 1,5-bisphosphate carboxyl-

ase/oxygenase (RuBisCO), the key carbon fixing enzyme.2

The slow catalytic turnover and lack of specificity of

RuBisCO between CO2 and O2 were sufficient for growth

under the high concentrations of CO2 and low concentrations

of O2 in the Earth’s early atmosphere. However, over millions

of years photosynthetic organisms significantly increased

atmospheric O2 levels and consumed CO2, shifting their rela-

tive abundance.3 Under current atmospheric conditions (21%

O2 and 0.039% CO2), CO2 concentration is a limiting factor

for photosynthesis; the photosynthetic capacity of the cell is

directly correlated with the availability of CO2. During the

transition from abundant to limiting CO2 concentrations, cya-

nobacteria evolved an elaborate CO2 concentrating mechanism

(CCM) comprised of inorganic carbon sequestration systems

and the carboxysome, a protein-based organelle for carbon

fixation.4 The CCM functions to concentrate CO2 at the site

of carbon fixation, where it is consumed by RuBisCO. While

the CCM is essential for viability in current atmospheric CO2

concentrations, this requirement can be overcome in labora-

tory conditions through enrichment of the growth environment

in CO2. In industrial applications using high-CO2 streams

from combustion flue gases, feed enrichment could be as high

as 15% CO2.
In the aqueous environments where cyanobacteria are typi-

cally found, HCO2
3 is the predominant form of inorganic

carbon (Ci).
5 HCO2

3 is actively transported across the cell by
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a suite of membrane bound transporters. Three classes of
HCO2

3 transporters have been shown to be important for Ci

acquisition in cyanobacteria. BCT1 is a high-affinity ATP
binding cassette (ABC) transporter that is induced under low
Ci conditions.6 SbtA is a high affinity, Na1-dependent trans-
porter that is also induced under low Ci conditions.7 BicA is a
Na1-dependent, low affinity, high-flux transporter.8 In Syne-
chococcus sp. PCC7002, BicA is present during carbon-
replete conditions but is upregulated during carbon limitation.
In contrast, the BicA homolog in Synechocystis sp. PCC6803
has been reported to be constitutively expressed.9 Different
species of cyanobacteria express some or all of these HCO2

3

uptake systems. Synechocystis sp. PCC6803 contains all three
systems, while Synechococcus elongatus PCC7942 lacks
BicA, and Synechococcus PCC7002 lacks BCT1.8 Moreover,
differences in transport activity have been reported for the
BicA homologs.8 In contrast to HCO2

3 , CO2 is able to diffuse
across the cell membrane. Two CO2 uptake protein com-
plexes, NDH-14 and NDH-13, are involved in the hydration of
CO2 into HCO2

3 in the cytoplasm.10 NDH-14 is a constitu-
tively expressed, low-affinity uptake system that may be
located on the plasma membrane11,12. NDH-13 is a high-
affinity, low Ci inducible system located on the thylakoid
membrane.11–13 The concerted activity of these transporters
allows the cells to accumulate high-internal levels of HCO2

3 .
In addition to the Ci acquisition system, the CCM also

requires the carboxysome, which is a protein-based bacterial
microcompartment (BMC) in cyanobacteria that resembles
an icosahedral viral capsid.14 It is composed of a semiperme-
able shell containing hexameric and pentameric proteins sur-
rounding RuBisCO and carbonic anhydrase (CA)15 in the
interior. The shell has been proposed to be permeable to
HCO2

3 , but not O2 or CO2 due to the electrostatic properties
of the residues lining the pore of each shell protein.16 Once
HCO2

3 enters the carboxysome, it is dehydrated to create
CO2, to provide the substrate for RuBisCO. This process is
catalyzed by CA, known to be one of the most active
enzymes.17 RuBisCO catalyzes the carboxylation of ribulose
1, 5-bisphosphate (RuBP) to form two molecules of
3-phosphoglycerate (3-PGA). 3-PGA diffuses out of the car-
boxysome, where it is consumed by the CBB-cycle, provid-
ing the major sink for photosynthetically derived ATP and
NADPH. Carboxysomes are found in all free-living cyano-
bacteria and are essential for survival in ambient CO2 con-
centrations. However, they are dispensable at high-CO2 (e.g.,
3%) concentrations. Thus, strains lacking a carboxysome
have a high-CO2 requiring (HCR) phenotype.18 It is critical
to the formation of the intracellular HCO2

3 pool that CA
activity is localized exclusively to the carboxysome. It has
been shown that expression of an extra-carboxysomal human
CA in Synechococcus elongatus PCC7942 results in an HCR
phenotype.19 Evidence suggests that this locational specific-
ity is accomplished through deactivation of carboxysomal
CA before it is oxidized during carboxysome biogenesis.20

The CCM provides significant fitness benefits to the cell
during natural, low-CO2 conditions. However, it is not clear
whether the CCM will be beneficial in an industrial setting
with a concentrated CO2 stream such as flue gas as a feed-
stock for photosynthetic production of fuels and chemicals.
Previously, several groups have investigated the maximum
CO2 fixation rates in cyanobacteria and the role of the
CCM.8,21 However, equivalent models have not been used to
investigate the maximum CO2 fixation rates in carboxysome-
less strains exposed to different Ci concentrations. In this

work, we investigate the effects of diffusion, size and num-
ber of carboxysomes, and the active carbon uptake system
on rates of photosynthesis. Our results provide insight into
the limitations of carbon fixation and the strategies for
increased carbon fixation in industrially relevant conditions.

Definition of Model

Simplifying assumptions that eliminate unimportant param-
eters and emphasize the question at hand are at the heart of
any transport analysis in the style of Bird, Stewart, and Light-
foot. In this study, we investigated the impact of the carbon-
concentrating mechanism evolved by cyanobacteria on the
rate of carbon-fixation by RuBisCO over a range of industri-
ally relevant CO2 concentrations. The simplifications imposed
upon this problem address geometry, kinetics, and mass trans-
port. To demonstrate the importance and impact of the CO2

concentrating mechanism, two cases were considered: A wild
type cyanobacterium and a mutant lacking the carboxysome
unit of the CCM. Quantitative results were obtained by apply-
ing this analysis to two different species of cyanobacteria (1)
the industrially attractive Synechococcus sp. PCC 7002, and
(2) the model strain for studies of b-carboxysomes, Synecho-
coccus elongatus PCC 7942.

For modeling purposes, the geometry of the cyanobacterial
cell was idealized to a sphere in a well-mixed medium as
shown in Figure 1, resulting in a problem analogous to the
classic “Diffusion and Chemical Reaction Inside a Porous
Catalyst” problem.22 The membranes of the cell were
assumed to be negligible in thickness relative to the radius
of the cell and form the outer boundary of the sphere. The

Figure 1. Spherical approximations were made for the
model of the wild-type cyanobacteria.

The HCO3–profile is exaggerated to emphasize any con-

centration gradients needed to produce diffusive flux to

the carboxysome. The same spherical boundary at the

membrane was used in the model of the carboxysome-

lacking mutant.
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permeability of lipid bilayers to CO2 is six-orders of magni-
tude higher than to HCO2

3 , so the cell membrane was
assumed HCO2

3 -impermeable.23

For the wild-type case, the cell was divided into two dis-
tinct phases: the carboxysome and the cytoplasm. Convective
velocities within the cell were assumed to be negligible, leav-
ing mass transport to occur only through diffusion. BicA is
the most relevant active carbon transporter in PCC 7002 in
the CO2 concentration range studied in this analysis and was,
therefore, the only transporter considered. PCC 7942 does not
have a BicA transporter so we chose to estimate its HCO2

3

flux as a fraction of that of PCC 7002 determined from the
literature.8 The consumption of CO2 and HCO2

3 in the cyto-
plasm by non-carbon-fixation related metabolic processes was
considered negligible relative to carbon-fixation catalyzed by
RuBisCO. At the inner boundary of the cytoplasm phase
located at the carboxysome wall, a Fick’s Law constant flux
boundary condition was imposed. The flux into the carboxy-
some was the integrated CO2 consumption rate inside the car-
boxysome per unit surface area of the carboxysome.

The cell was modeled with one concentric spherical carbox-
ysome within which the consumption of CO2 occurred
through a homogeneous reaction catalyzed by uniformly
packed RuBisCO. The O2-inhibited Michaelis-Menten kinetic
model24 was used for the carbon fixation rate of RuBisCO

v5
kcat½R�CCarb

CO2

CCarb
CO2

1Km;CO2
11

CCarb
O2

Km;O2

� � (1)

The kcat for carbonic anhydrase17 present in the carboxy-
some is four orders of magnitude larger than that of
RuBisCO,25 so HCO2

3 was treated as instantaneously equili-
brated with CO2 within the carboxysome. Therefore, the con-
centration of CO2 directly inside the carboxysome wall was
proportional to the HCO2

3 concentration directly outside of
the wall in the cytoplasm phase. The proportionality constant
incorporated both the CO2-HCO2

3 equilibrium constant and a
barrier to HCO2

3 transport across the carboxysome wall. Evi-
dence suggesting a mechanism to prevent the leakage of
CO2 from the carboxysome exists, so the carboxysome wall
was approximated as impermeable to CO2.4

The second case considered a mutant cyanobacterial cell
lacking the carboxysomes and active bicarbonate transport-
ers, with a mutant model simplified by two primary differen-
ces from the wild type. First, RuBisCO was considered to be
distributed homogeneously throughout the single cytoplasm
phase. Second, the CO2 concentration was determined only
by direct diffusion across the cell membrane.

Transport Analysis

To determine the importance of diffusion in the carbon fixa-
tion process, the differential mass balances for the various
phases in question were examined. The balances were nondi-
mensionalized and the reactive flux was compared to the diffu-
sive flux. The resulting dimensionless group, referred to as the
Damk€ohler number, is defined as the ratio of the characteristic
reaction rate to the characteristic diffusion rate for each case.26

This analysis focuses on fluxes of CO2 and HCO2
3 as key spe-

cies controlling the RuBisCO carbon fixation kinetics. This
step also involves consumption of coreactants and generation
of products, including RuBP, 3-PGA, ATP, and NADH. These
need not be modeled explicitly because they are also small

molecules that would be present at excess concentrations as
provided by other processes and would be expected to have
diffusive properties27,28 almost as fast as CO2. Furthermore,
these species have not been observed to affect RuBisCO reac-
tion rates under nutritionally sufficient conditions.

CO2 in Carboxysome

In considering the CO2 profile inside the carboxysome, the
differential mass balance equation for a sphere with homoge-
neous reaction following oxygen-inhibited Michaelis-Menten
kinetics was used with constant surface concentration and
spherical symmetry boundary conditions

DCarb
CO2

r2
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BC1 : CCarb
CO2

5CShell
CO2

at r5RCarb (3)

BC2 :
@CCarb

CO2

@r
50 at r50 (4)

where CShell
CO2

is related to the HCO2
3 concentration in the cyto-

plasm by a function unimportant for the transport analysis.
This relationship was revisited in the kinetic analysis of the
localization of CO2 to the carboxysome for carbon fixation.

For further simplification, two situations were considered
for the rate expression of the RuBisCO catalyzed reaction:
one in which CCarb

CO2
� Km;CO2

, resulting in zero-order
kinetics, and one in which CCarb

CO2
� Km;CO2

, resulting in first-
order kinetics. For nondimensionalizing these equations, the
characteristic length used was the carboxysome radius and
the characteristic concentration used was the CO2 concentra-
tion at the carboxysome surface. The following Damk€ohler
numbers were determined

CCarb
CO2
� Km;CO2

: Da5
kcat½Ru�CarbR2

Carb

DCarb
CO2

CShell
CO2

(5)

CCarb
CO2
� Km;CO2

: Da5
kcat Ru½ �CarbR2

Carb

DCarb
CO2

Km;CO2
11

CCarb
O2

Km;O2

� � (6)

The inorganic carbon flux at the carboxysome shell was
needed for transport analysis of the cytoplasm phase. Expres-
sions for J* were determined for zero- and first-order kinetics
by integrating the rate expressions over the volume of the
carboxysome and dividing by the surface area of the carbox-
ysome, resulting in the following expressions

CCarb
CO2
� Km;CO2

: J�5
kcat½Ru�CarbRCarb

4
(7)

CCarb
CO2
� Km;CO2

: J�5
kcat½Ru�CarbRcarbCShell

CO2

3Km;CO2

(8)

HCO2
3 in Cytoplasm. The HCO2

3 profile within the cyto-
plasm of the wild type cell was calculated from the spherical
differential mass balance equation with no generation or con-
sumption term. A constant concentration boundary condition
was applied at the cell membrane boundary, and a constant flux
boundary condition was applied at the carboxysome boundary

@
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BC1 : CCyt
HCO2

3
5CMem

HCO2
3

at r5RCell (10)

BC2 :
@CCyt

HCO2
3

@r
5

2J�

DCyt
HCO2

3

at r5RCarb (11)

where CMem
HCO2

3
is related to the HCO2

3 concentration in the
media by a flux balance unimportant for the transport analy-
sis. This relationship was revisited in the kinetic analysis of
the formation of the intracellular HCO2

3 pool.
For the cytoplasm phase, the characteristic length was the

radius of the cell and the characteristic concentration was
the HCO2

3 concentration at the inside of the cell membrane
interface. The solution to this nondimensionalized differen-
tial mass balance and its boundary conditions resulted in the
following Damk€ohler number relating the rate of reaction to
the rate of diffusive flux

Da5
J�R2

Carb

DCyt
HCO2

3
CMem

HCO2
3

Rcell

(12)

The expressions for J* determined in the analysis of the
carboxysome phase were used to determine the final Dam-
k€ohler numbers for the cases of CCarb

CO2
� Km;CO2

and
CCarb

CO2
� Km;CO2

.

No-carboxysome case

The differential mass balance and boundary conditions for
the mutant case of a cell with no carboxysomes were analo-
gous to the carboxysome phase of the previous case. The
characteristic length for this case was the radius of the cell
and the characteristic concentration was the CO2 concentra-
tion at the cell membrane interface, which was equal to the
CO2 concentration in the media. The resulting Damk€ohler
numbers were as follows

CCyt
CO2
� Km;CO2

: Da5
kcat½Ru�CytR

2
Cell

DCyt
CO2

CMem
CO2

(13)

CCyt
CO2
� Km;CO2

: Da5
kcat½Ru�Cyt R

2
Cell

DCyt
CO2

Km;CO2
11

CCyt
O2

Km;O2
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Determination of controlling phenomena

The numerical values of the Damk€ohler numbers allow
assessment of relative importance of transport and reaction
rates in limiting overall carbon fixation. If Da � 1, both reac-
tion and diffusion are comparable, and as Da differs more
from unity then the slower process completely controls the
overall rate. A range of parameter values can be found in the
literature, and preliminary evaluation showed Da � 1 to indi-
cate reaction is generally slow compared to diffusion. To test
how close the Damk€ohler numbers approached the Da � 1
regime in which diffusion is not rapid, extreme high- and low-
parameter values were chosen to maximize the Damk€ohler
number. The values used in the calculation as well as their
rationale can be found in Table 1. The constants associated
with the RuBisCO kinetics specific to PCC 7002 were used in
this analysis. However, many other species have kcat and Km

values within an order of magnitude of these values so the
result was applied to PCC 7942 and may be applied in a
somewhat general way.25 The expressions and extremal values
associated with each Damk€ohler number can be seen in Table
2 and each was of an order of magnitude smaller than 1023.

Because these Da values are all so small, diffusive proc-
esses are all fast compared to reaction rates and the HCO2

3

and CO2 concentrations can be treated as constant across
each phase. Therefore, the carbon fixation rate is independ-
ent of the number or size of carboxysomes at a fixed total
number of RuBisCO units per cell. In the no-carboxysome
case, rapid diffusion will provide a constant CO2 concentra-
tion inside the cell independent of the HCO2

3 concentration
or the kinetics of the conversion between HCO2

3 and CO2.
Thus, the presence or absence of active HCO2

3 transporters
in the no-carboxysome cell has no effect and the activity of
the carbonic anhydrase, which has been postulated to be

Table 1. Values used to Calculate Damk€ohler Numbers

Variable Value/Estimate Rationale Citation

Specified Values
kcat 11:4 s21 � site21 Value for RuBisCO isolated from PCC 7002 25

Km;CO2 185
lmol

L

Value for RuBisCO isolated from PCC 7002 25

Km;O2 1300
lmol

L

Value for RuBisCO isolated from PCC 7002 25

RCarb 100 nm Radius of a carboxysome in PCC 7942 21

Values in the Numerator of Damk€ohler Numbers (Maximum Limit)
½Ru�Carb 1023 site

nm3

Wild Type: The inverse volume of one unit of RuBisCO 32

½Ru�Cyt 1026 site

nm3

No Carboxysome: RuBisCO from carboxysome distributed uniformly throughout cytoplasm 32

CShell
CO2

CMem
HCO2

3

0:01 Equilibrium concentration is
102pH

Ka
at pH58, Temperature5 38�C 5

RCell 1000 nm Approximated spherical radius of a PCC 7942 cell (Larger than PCC 7002) 30,33

Values in the Denominator of Damk€ohler Numbers (Minimum Limit)

Dj
i 331026 cm2

s

Diffusivity of a small molecule in cytoplasm 28

CMem
CO2

or CShell
CO2 185

lmol

L

For excess carbon, concentration must be at least equal to the affinity constant 25

CO2 0
lmol

L

Rate is maximized in absence of O2 inhibition -

CMem
HCO2

3 10
lmol

L

1000 times lower than equilibrium concentration at atmospheric conditions. 5
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inactive outside of the carboxysome environment,20 does not
affect these calculations.

Kinetic Analysis

A kinetic approach was utilized to determine a quantitative
explanation of carbon fixation in cyanobacterial cells. Figure
2 shows a schematic diagram of the processes occurring dur-
ing steady-state carbon uptake and Table 3 gives the equations
used to model these processes. These processes can be divided

into three different stages (1) external CO2 equilibrium, (2)
inorganic carbon uptake, and (3) carbon fixation.

External CO2 equilibrium

The first stage of carbon uptake is concerned with the transfer
of carbon from the gas phase to the liquid phase. The CO2 con-
centration in the liquid phase was determined from a Henry’s
Law relationship with a gas phase at 1 atm and variable CO2 con-
centration. The liquid phase was considered well-mixed so that
CO2 and HCO2

3 were at chemical equilibrium5 in the liquid

Table 2. Summary of Damk€ohler Numbers

Case Phase Conditions Damk€ohler Number Estimated Value

Wild Type Cyt CCyt
CO2
� Km;CO2

kcat½Ru�CarbR3
Carb

4DCyt
HCO2

3
CMem

HCO2
3

RCell

231023

Wild Type Carb CCarb
CO2
� Km;CO2

kcat½Ru�CarbR2
Carb

DCarb
CO2

CShell
CO2

331023

Wild Type Cyt CCyt
CO2
� Km;CO2 kcat Ru½ �CarbR3

Carb

CShell
CO2

CMem
HCO2

3

� �
3Km;CO2

DCyt
HCO2

3
RCell

131026

Wild Type Carb CCarb
CO2
� Km;CO2

kcat½Ru�CarbR2
Carb

DCarb
CO2

Km;CO2
11

CCarb
O2

Km;O2

� � 331023

No Carboxysome Cyt CCyt
CO2
� Km;CO2

kcat½Ru�CytR
2
Cell

DCyt
CO2

CMem
CO2

331024

No Carboxysome Cyt CCyt
CO2
� Km;CO2

kcat½Ru�CytR
2
Cell

DCyt
CO2

Km;CO2
11

CCyt
O2

Km;O2

� � 331024

Figure 2. Kinetic model used to calculate carbon flux into the CBB-cycle.

(A) The schematic for the wild-type cell containing the entire CCM (The NDH and SbtA inorganic carbon transporters have small

flux compared to BicA and were neglected), and (B) the schematic for the carboxysome-lacking mutant. The equations used to

model the reactions in these schematics are given in Table 3. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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phase. The equilibrium inorganic carbon concentrations calcu-
lated for any gas-phase concentration are the maximum possible
achievable. This ideality may not hold in the laboratory for most
situations and this stage could be adjusted to fit various bioreactor
geometries and transport scenarios.

HCO2
3 uptake

The second stage in carbon uptake is concerned with the for-
mation of an intracellular bicarbonate pool through the transfer
of carbon from the liquid media to the cytoplasm of the cell.
This stage has the largest interspecies variation as the active
transport systems utilized by b-cyanobacteria vary from species
to species. In PCC 7002, the primary HCO2

3 transporter BicA
has a flux that is orders of magnitude higher than any of the
other transporters, and as these processes are parallel they do
not contribute significantly to the carbon flux.8 PCC 7942 lacks
this BicA transporter and thus has significantly lower flux of
carbon into the cell. In a study by Price et al, the BicA trans-
porter from PCC 7002 was introduced into PCC 7942 and an
approximately tenfold increase in maximum carbon flux was

observed.8 Therefore, in the model for PCC 7942, the HCO2
3

flux expression from the PCC 7002 model was used with a
Vmax equal to 10% of that used for PCC 7002.

Once inside the cell, HCO2
3 is only slowly dehydrated to

CO2 in an uncatalyzed process due to the absence of carbonic
anhydrase in the cytoplasm.29 The slow rate of this conversion
is crucial to the formation of the inorganic carbon pool. As the
cell membrane is essentially impermeable to HCO2

3 , a high
concentration of HCO2

3 is trapped inside the cell. The cell
membrane presents no barrier to the transfer of CO2 so any
HCO2

3 that is converted to CO2 leaks out of the cell into the
media, equilibrating the outer and inner CO2 concentrations.

Carbon fixation

The third stage in carbon uptake is the localization of carbon
to the carboxysome where it can be consumed by RuBisCO.
This is the most controversial of the steps studied in the
carbon-concentrating mechanism. It is not known how HCO2

3

passes into the carboxysome or if there is a barrier to this flux.
In order to approximate the concentration of HCO2

3 in the

Table 3. Kinetics Model of Inorganic Carbon Uptake

Process Equation Literature Values Citation

Wild Type Cyanobacteria

COGas
2 $KH

COMed
2

CMed
CO2

5PCO2
KH KH50:02

mol

L � atm

5

H2O1COMed
2 $Ka

HCO2Med

3 1H1Med CMed
H1 CMed

HCO2
3
5KaCMed

CO2 Ka50:9
lmol

L

5

COMed
2 $ COCyt

2 CCyt
CO2

5CMed
CO2

Permeability CO2 >> HCO2
3 23

HCO2
3

Med��!BicA
HCO2

3
Cyt

vin5
vmaxCMed

HCO2
3

Km1CMed
HCO2

3

vmax50:4
lmol

mg Chl a � s 543109 molecules

cell � hr

Km5217
lmol

L

8a

COCyt
2 1OH2Cyt ()

kf ;kr

HCO2
3

Cyt vf 5kf C
Cyt
CO2

CCyt
OH2

vr5krC
Cyt
HCO2

3

kf 533104 L

mol � s
kr5131023s21

29

HCO2
3

Cyt$Q HCO2
3

Carb CCarb
HCO2

3
5QCCyt

HCO2
3

Q 	 1 -

HCO2Carb

3 1H1Carb$CA
H2O1COCarb

2
KaCCarb

CO2
5CCarb

H1 CCarb
HCO2

3
kCA

cat 	 104 � kRub
cat , Fast Equilibrium 17,25

COCarb
2
�����!RuBisCO

CBB Cycle vfix5
kcatNsitesC

Carb
CO2

CCarb
CO2

1Km;CO2
11

CCarb
O2

Km;O2

� � kcat511:4
molecules

site � s

Km;CO2
5185

lmol

L

Km;O2
51300

lmol

L
; O2½ �5400

lmol

L

Nsites5 4
carboxysomes

cell

� �
3351

sites

carboxysome

� �

34–36

No Carboxysome Mutant

COGas
2 $KH

COMed
2

CMed
CO2

5PCO2
KH

KH50:02
mol

L � atm

5

COMed
2 $ COCyt

2 CCyt
CO2

5CMed
CO2

Permeability CO2 >> HCO2
3

23

COCarb
2
�����!RuBisCO

CBB Cycle vfix5
kcatNsitesC

Carb
CO2

CCarb
CO2

1Km;CO2
11

CCarb
O2

Km;O2

� � kcat511:4
molecules

site � s

Km;CO2
5185

lmol

L

Km;O2
51300

lmol

L
; O2½ �5400

lmol

L

Nsites5 4
carboxysomes

cell

� �
3351

RuBisCo

carboxysome

� �

34–36

aChlorophyll content of PCC 7002 cells were measured to be 5310212 mg Chl a
cell during exponential growth phase as in Lichtenthaler37
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carboxysome relative to that in the cytoplasm, a proportionality
relationship was established between the HCO2

3 inside and out-
side of the carboxysome. The proportionality constant Q was
initially set to 1.0 to evaluate the upper limit of the carbon fix-
ation rate and the sensitivity of the model to decreases in this
parameter was examined. The model was not overly sensitive
to the value of Q within an order of magnitude, so the original
value of 1 was used for further analysis.

The HCO2
3 inside the carboxysome was treated as quickly

equilibrated with CO2 by carbonic anhydrase.17,25 The car-
boxysome was considered impermeable to CO2 as it has
been generally hypothesized that that the protein shell pre-
vents its escape.4 The RuBisCO catalyzed reaction in which
CO2 flux is directed into the Calvin Cycle was used as the
rate determining step in the reaction scheme, based on the
earlier Da analysis. There was postulated to be an excess of
ribulose-1,5-bisphosphate, the cosubstrate required for carbon
fixation by RuBisCO. It is expected that the kinetic values
for RuBisCO in PCC 7002 and PCC 7942 are within an
order of magnitude of each other, as is the trend with other
strains of cyanobacteria.25

Solving the reaction system

To determine the carbon uptake rate of the cell, the rate
equation for RuBisCO catalyzed fixation of CO2 was used as
the rate-limiting step with the rapid diffusion and active
transport steps proceeding as outlined peviously. The key to
solving the reaction system was equating the flux into and
out of the cell’s HCO2

3 pool. This expression is as follows
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where the first term represents the flux into the cell due to
active HCO2

3 transport, the second term represents the for-
ward reaction of CO2 into HCO2

3 , the third term represents
the flux of carbon into the CBB-cycle, and the final term
represents the reverse reaction of HCO2

3 into CO2. This
expression was solved analytically for the CO2 concentration
inside the carboxysome and the carbon fixation rate as a
function of CMedia

HCO2
3

can be seen in Figure 3 for each cyano-
bacterial species. The resulting curves were compared to
oxygen evolution data obtained from literature8,21 for wild
type strains of each species with good agreement in trend.
Oxygen evolution rate is proportional to carbon fixation rate
because the CBB-cycle acts as a sink for energy and reduc-
ing power generated during photosynthesis.2

No-carboxysome case

The reaction scheme for the hypothetical case of a cell with
no carboxysomes, depicted in Figure 2, was much simpler

than that of the wild-type case. This model was solved analyti-
cally and the resulting carbon fixation rate as a function of can
be seen in Figure 3 for comparison to the wild-type case. As
expected, the model predicts that both cyanobacterial species
have little or no carbon fixation activity at present ambient
CO2 levels, and shows the clear necessity of the CCM in wild-
type species. However, CO2 transport without HCO2

3 pumping
allows significant CCM at gas phase CO2 compositions of
10% or greater. Thus, the carboxysome may become unneces-
sary at sufficient CO2 levels. Indeed, PCC 7942 models show
the carboxysome-free variant predicted to have a higher carbon
fixation rate over a range of enriched CO2 levels.

Discussion

Three important conclusions can be drawn from this study.
First, carbon uptake is not diffusion limited, so the number,
size, shape, and intracellular location of the carboxysomes have
a negligible effect on carbon fixation rate with a given number
of RuBisCO units and these details need not be considered fur-
ther. Second, large interspecies variations in the carbon fixation
landscape are largely due to the difference in the kinetics of the
active HCO2

3 transporters present in the cell. Finally, the poten-
tial carbon fixation rate of the no-carboxysome cell approaches
and can even surpass that of the wild type when grown at CO2

concentrations of 10% or higher. These conclusions were con-
sidered in their implications on future research paths.

Carboxysome engineering

At gas phase CO2 concentrations approaching that of flue
gas, there is not a large carbon fixation benefit in a cell con-
taining carboxysomes. In the low HCO2

3 flux case of PCC
7942, there was even a carbon fixation deficit as the cyto-
plasmic CO2 concentration due to a high media

Figure 3. Plots of potential carbon fixation rate as a
function of the inorganic carbon concentra-
tion in the media for the wild-type (solid line)
and carboxysome-lacking mutant (dashed
line) for both PCC 7002 and PCC 7942.

The vertical lines indicate HCO3- concentrations achiev-

able in the media through equilibrium with a gas phase

containing CO2 at concentrations of 400 ppm (air) and

10% (flue gas). Points (�) represent data from the liter-

ature (8,21) showing O2 evolution in wild-type cultures

of each species as a function of media HCO2
3 concentra-

tion with corresponding values on the righthand y-axis.
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concentration overcomes that achievable by the carbon con-
centrating mechanism and the carboxysome serves only as a
barrier to the localization of CO2 to RuBisCO. Because the
carboxysome shell proteins are very large with a final struc-
ture diameter on the order of 10% of that of the cell, there
would be a metabolic benefit in redirecting the energy used
to make these proteins as well as others involved in the
CCM into other processes, such as the production of more
RuBisCO units.21,30 This would be an interesting area of
research to increase a cell’s affinity to the high CO2 environ-
ments relevant to industrial processes. The natural elimina-
tion of carboxysomes at high CO2 concentrations has been
observed in at least one wild type cyanobacterium.31 Another
benefit of the removal of carboxysomes from a genetically
modified cyanobacterial strain would be to reduce its fitness
in nature so it is unable to grow in ambient CO2 levels, miti-
gating the possibility of inadvertent release and potential
biological contamination of the environment by genetically
modified organisms.

HCO2
3 transporter engineering

As the carbon-fixation rate of RuBisCO reaches saturation
at low concentrations for high HCO2

3 flux species such as
PCC 7002, increasing the affinity or flux of these transporters
will not provide a benefit. However, in low HCO2

3 flux species
such as PCC 7942, a great carbon fixation benefit at all CO2

levels should be achieved by the introduction of a higher flux
HCO2

3 transporter. The potential magnitude of this benefit is
especially evident when comparing the accepted doubling
times of 4 h for PCC 7002 to 10 hours for PCC 7942.8,21 The
benefit of the implementation of the high-flux HCO2

3 trans-
porter BicA from PCC7002 in PCC 7942 has been observed.8

RuBisCO engineering

The modification of RuBisCO for increased performance
has long been a goal of researchers who desire to increase
the efficiency of photosynthesis.32 There are two targets rele-
vant to this model for increasing the performance of
RuBisCO: kcat and affinity. Increasing the kcat of RuBisCO
will naturally increase the carbon fixation rate of a cell. This
rate of increase will be approximately linear in the case of a
high flux cell or the hypothetical no-carboxysome cell as the
enzyme will be saturated until the kcat is increased by an
order of magnitude. In the case of a low-flux cell, increases
to the of RuBisCO do not have as large of a carbon fixation
benefit as the saturation of the active bicarbonate transporters
prevents RuBisCO saturation.

Increasing the affinity of RuBisCO for CO2 can greatly
improve the carbon fixation rate of the no-CCM case by
allowing for RuBisCO saturation at lower CO2 concentra-
tions. This same benefit could be achieved in the low HCO2

3

flux PCC 7942 cell, but this effect is not addictive when
compared to the effect of improved active HCO2

3 transport.
Little benefit will be achieved by this affinity increase in the
high HCO2

3 flux PCC 7002 cell, as the RuBisCO is already
saturated by the significantly higher CO2 concentration at
industrially relevant CO2 concentrations.

Conclusion

A mass-transport model considering the uptake of inor-
ganic carbon by cyanobacteria showed that diffusion was
fast compared to kinetic conversion by RuBisCO yielding
flat CO2 and HCO2

3 concentration profiles within the cell.

As a result, the number, size, shape, and intracellular loca-
tion of carboxysomes have a negligible effect on carbon fixa-
tion rate with a given number of RuBisCO units. A kinetic
model of the fluxes of inorganic carbon in the carbon uptake
systems of wild-type and hypothetical carboxysome-lacking
mutant cyanobacteria was developed. The wild-type case for
both PCC 7002 and PCC 7942 matched the trend of experi-
mental oxygen-evolution data from the literature. Interspe-
cies variations in the potential carbon-fixation rate are
largely due to differences in active HCO2

3 transporters. The
models showed that the potential steady-state carbon-fixation
rate of a carboxysome-lacking mutant approaches that of the
wild type at inorganic carbon concentrations achievable
using a gas feed containing 10% CO2. Future research
towards increasing the fitness of cyanobacteria in an indus-
trial setting should focus on the metabolic benefits of the
elimination of the energy-intensive proteins associated with
the CCM that are not necessary at high CO2 concentrations.
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Notation

Variables

Cj
i = variable concentration of species i in phase j, mol

L
Dj

i = diffusivity of species i in phase j,m
2

s
Da = Damk€ohler number
J� = HCO3

- flux at carboxysome surface, mol
m2 �s

kcat = carbon fixation rate constant for RuBisCO, s21

kf = Rate constant for CO21OH2 ! HCO2
3 , L

mol �s
kr = Rate constant for HCO2

3 ! CO21OH2, s21

Km;i = RuBisCO Michaelis-Menten constant for species i, mol
L

Nsites = Total number of RuBisCO sites per cell, sites, sites
r = variable radius, m

RCell = cell radius, m
RCarb = carboxysome radius, m

Ru½ �j = RuBisCO concentration in phase j, sites
m3

Vj = volume of phase j, m3

vmax = maximum active HCO2
3 uptake rate, mol

L�s
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