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ABSTRACT: The limited permeability of the E. coli outer
membrane can significantly hinder whole-cell biocatalyst
performance. In this study, the SARS coronavirus small
envelope protein (SCVE) was expressed in E. coli cells
previously engineered for periplasmic expression of carbonic
anhydrase (CA) activity. This maneuver increased small
molecule uptake by the cells, resulting in increased apparent
CA activity of the biocatalysts. The enhancements in activity
were quantified using methods developed for traditional
heterogeneous catalysis. The expression of the SCVE protein
was found to significantly reduce the Thiele moduli (ϕ), as well
as increase the effectiveness factors (η), effective diffusivities (De), and permeabilities (P) of the biocatalysts. These catalytic
improvements translated into superior performance of the biocatalysts for the precipitation of calcium carbonate from solution
which is an attractive strategy for long-term sequestration of captured carbon dioxide. Overall, these results demonstrate that
synthetic biology approaches can be used to enhance heterogeneous catalysts incorporated into microbial whole-cell scaffolds.
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As the field of synthetic biology matures, it is becoming
clear that we are just beginning to understand the extent

to which biological systems and parts can be designed,
modified, and utilized to address critical needs. Recent
examples include engineering of advanced batteries from
biological templates,1 enzymatic biomaterials,2 biological logic
gates,3 and many other advances are clearly on the horizon.4−6

Here, we explore the use of synthetic biology to create
heterogeneous catalysts for the capture of carbon dioxide,
which will be critical as we move toward the capture and
utilization of carbon dioxide, or even the permanent
sequestration of carbon dioxide from the atmosphere. To
accomplish this goal, we have previously expressed CA enzymes
in the periplasm of E. coli, and here, we explore whether
improvements can be made in this system by reducing
transport limitations via further genetic manipulation of the
cells.
Gram-negative bacteria, such as Escherichia coli, have been

previously shown to be less permeable than gram-positive
bacteria, largely due to their outer membrane.7 The native
permeability through the outer membrane arises from porin
proteins. The hydrophobic transmembrane α-helical domains
of these proteins form tightly associated trimeric bundles that
form nonspecific molecular transport channels.8−13 Monomeric
molecular weights of native porins can range from 28 to 48
kDa.12 Common porins include OmpF, OmpC, and PhoE.
Among all of the proteins within a cell, these are often the most
prevalent on a mass basis. They typically form 105 channels per

cell or more.10 Transport through these channels is highly
dependent on the properties of the solute, including physical
size, charge, and hydrophobicity. In general, a typical porin
generates a pore roughly 0.9−1.1 nm in diameter, and excludes
molecules above 0.6 kDa.8,13 In addition to porins, specific
channels also exist in the outer membrane for the transport of
maltose and maltodextrans (LamB), nucleotides (Tsx), and
ferrichrome (FhuA), among others.9

Despite the presence of native porins, several chemical,14−17

biological,14,15,18−21 and genetic14,22−25 treatments have been
explored for outer membrane permeabilization. In most cases,
these experiments were performed to better understand the
structure and function of the outer membrane. More recent
studies have examined the impact of permeabilization on
biocatalysis,26 as well as other whole-cell bioprocesses such as
nutrient uptake.27 One promising approach is the use of
viroporins, which are a diverse class of viral proteins that further
permeabilize the membranes of host cells.28−30 Some
viroporins encoded by bacteriophages are also referred to as
holins.31 Viroporins are similar to porins in that they
oligomerize within the membrane to form pores, and this
oligomerization often occurs between the hydrophobic, trans-
membrane, α-helical domains of the proteins.29 Archetypal
viroporins include the Picornavirus P2B, HCV p7, IAV M2, and
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HIV-1 Vpu proteins.30 Viroporins also possess similar exclusion
sizes to porins, only allowing diffusion of small molecules.32

In this study, the SARS (severe acute respiratory syndrome)
coronavirus envelope (SCVE) protein was evaluated for its
ability to permeabilize the outer membrane of E. coli. The 76
amino acid SCVE protein is predominantly hydrophobic and
each monomer contains one transmembrane domain, which
when expressed on its own, can oligomerize into dimeric,
trimeric, or pentameric bundles.33 However, when the full
protein is expressed, only homopentamers are observed in
vivo.34 These bundles were determined to be formed due to two
cysteines at positions 40 and 44. Mutations at these sites
rendered the protein inactive and unable to form trans-
membrane pores.32 The pores formed by the SCVE protein are
estimated to have a radius of about 0.6 nm33 and preferentially
facilitate transport of monovalent cations as opposed to
monovalent anions.35 Recently, SCVE was expressed in E. coli
and was shown to improve the diffusion of two different small
molecules across the outer membrane.32 Therefore, recombi-
nant expression of SCVE is a promising approach for
modulating transport across the outer membrane of E. coli.
Whole-cell biocatalysts containing carbonic anhydrase (CA;

EC 4.2.1.1) as their enzymatic component have recently
emerged as a cost-effective method for catalyzing the hydration
reaction of carbon dioxide (CO2).

36−39 CAs are Zn2+-binding
metalloenzymes that are able to reversibly catalyze the
hydration of aqueous CO2 via the reaction mechanism below,
where “EZn” represents the enzyme molecule and the bound
Zn2+ ion:40,41

⇌ +− +EZnH O EZnOH H2 (1)

+ ⇌− −EZnOH CO EZnHCO2 3 (2)

+ ⇌ +− −EZnHCO H O EZnH O HCO3 2 2 3 (3)

⇌ +− − +HCO CO H3 3
2

(4)

Two isoforms of CA were selected for this study: carbonic
anhydrase beta (Cab; Methanobacterium thermoautotriphicum;
PDB 1G5C)42 and carbonic anhydrase methanosarcina (Cam;
Methanosarcina thermophila; PDB 1THJ).43 We have previously
reported the periplasmic expression of these isoforms in E. coli,
resulting in functional whole cell biocatalysts; however, the
activity was decreased as compared to the activity of the
purified enzymes due to membrane transport limitations.36

Therefore, in this study the whole-cell biocatalysts were
modified by SCVE expression and subsequently characterized.
In addition to determining whether improvements in transport
increase the overall apparent activity, the performance of the
biocatalysts in accelerating carbonate precipitation was also
explored to demonstrate functional utility. The ability to
separately alter activity and transport in the whole cells via
genetic engineering opens the door to better biocatalyst design,
and thus, we explore the impact of the permeabilization on
heterogeneous catalysis via estimation of the Thiele modulus
and effectiveness factor for the system.

■ RESULTS AND DISCUSSION
Expression of SCVE. The SCVE gene was cloned into the

pET-2Z vector, and this was transformed into BLR(DE3) cells,
as well as cells containing CA-encoding plasmids using
orthogonal antibiotics for selection. The presence of both
plasmids in the cells was verified by PCR amplification of both

genes. The three whole-cell biocatalysts were named BLR-
SCVE, BLR-gCab/SCVE, and BLR-gCam/SCVE. Differential
induction of the two different transgenes was accomplished
with IPTG for SCVE and arabinose for CA.

Growth Inhibition Curves. To demonstrate the effect of
SCVE expression on cell viability and growth rates, the OD at
600 nm of the induced and uninduced cultures were measured
every hour for 4 h (Figure 1). As expected,32 the induced

cultures exhibited slower growth as compared to uninduced
controls. After 4 h, the uninduced control cells reached a mean
OD600 of 3.6. Conversely, BLR-SCVE, BLR-gCab/SCVE, and
BLR-gCam/SCVE reached mean final OD600 values of 2.7, 2.0,
and 2.3, respectively. The diminished growth is indicative of
SCVE protein expression. However, the growth inhibition is
not anticipated to be problematic during the utilization of the
biocatalysts, as they will not be growing during the carbon
capture process.

NPN Permeability. The NPN assay was used to quantify
small molecule transport across the outer membrane. The
uptake factors, calculated by dividing the background-corrected
fluorescence value of each sample by the background corrected
fluorescence of NPN alone,44 of induced and uninduced cells
harboring the pET2Z-SCVE plasmid can be seen in Figure 2.
Native BLR cells harboring no recombinant plasmids yielded an
uptake factor of 8.0 ± 0.3. BLR-SCVE, BLR-gCab/SCVE, and
BLR-gCam/SCVE cells exhibited uptake factors of 9.4 ± 0.2,
9.1 ± 0.5, and 8.5 ± 0.2, respectively. ANOVA on this data
indicated a statistically significant difference between the uptake
factors of the control cells and each of the permeabilized cells.
Posthoc analysis revealed no statistically significant difference
between BLR-SCVE and BLR-gCab/SCVE cells. These results
confirmed that small molecule transport across the outer
membrane of E. coli cells was enhanced after expression of the
SCVE protein.

Enhanced CA Activity. To determine the effect of the
SCVE proteins on CA-activity of the whole-cell biocatalysts,
apparent activity measurements were performed. The Michae-
lis−Menten kinetic parameters for native and altered whole-cell
biocatalysts can be seen in Table 1. The apparent parameters
for unpermeabilized BLR-gCab and BLR-gCam were previously
published.36 The rates of the cells expressing the SCVE protein

Figure 1. Growth retardation curves presented as OD600 vs time
postinduction for all whole-cell biocatalysts evaluated. All measure-
ments were performed in triplicate, with the error bars representing
the standard deviations from the means.
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were corrected for the reaction rates of BLR-SCVE cells, which
contain no recombinant CA. For the four whole-cell
biocatalysts evaluated, almost no difference in the apparent
KM was seen (38 mM for BLR-gCab and BLR-gCab/SCVE; 31
mM for BLR-gCam and 34 mM for BLR-gCam/SCVE).
Conversely, the per-cell rates of the cells expressing SCVE were
higher (3.2 × 10−7 mM s−1 cell−1 for BLR-gCab/SCVE and 2.7
× 10−7 mM s−1 cell−1) than the unpermeabilized controls (2.5
× 10−7 mM s−1 cell−1 for BLR-gCab and 1.9 × 10−7 mM s−1

cell−1 for BLR-gCam). These results translate into 29% and
45% enhancements in apparent rate for BLR-gCab/SCVE and
BLR-gCam/SCVE cells, respectively, as compared to BLR-
gCab and BLR-gCam cells, respectively. Since Cam is the more
active CA isoform, it is reasonable to expect cells harboring
Cam to experience a larger degree of enhancement upon
permeabilization as the kinetics become less impeded by
transport limitations. Also, due to lower levels of protein
loading in the BLR-gCam cells,36 it is not surprising that the
apparent kinetic values do not exceed those of BLR-gCab/
SCVE. For both Cab and Cam, these results indicate an
increase in diffusion rates of substrate and product across the
outer membrane produces increases in the overall apparent
reaction rates.
Increased Functional Activity. A model system for

carbon mineralization was explored to demonstrate the

functional utility of the biocatalysts. Carbon mineralization is
a process by which CO2 is converted to carbonate ions, which
combine with divalent cations and precipitate as a thermody-
namically stable salt.39 The mineralization capabilities for the
biocatalysts generated in this study were determined by
converting gaseous CO2 into calcium carbonate. The masses
of CaCO3 precipitated in the presence of various whole-cell
biocatalysts can be seen in Figure 3. BLR and BLR-SCVE cells

expressing no recombinant CA exhibited similar amounts of
precipitation, with means of 0.14 and 0.13 g, respectively. The
remaining whole-cells yielded mean masses of 0.17, 0.18, 0.23,
and 0.24 g of CaCO3 precipitated for BLR-gCab, BLR-gCam,
BLR-gCab/SCVE, and BLR-gCam/SCVE, respectively. These
values represent improvements in carbon mineralization of 35%
and 33% for BLR-gCab and BLR-gCam, respectively, upon
SCVE expression.
Two-way ANOVA on this data revealed that cells expressing

recombinant CA exhibited statistically significantly higher levels
of precipitation than those containing no CA. Also, whole-cell
biocatalysts expressing the SCVE protein were found to be
statistically significantly different from cells not expressing the
protein. Posthoc analysis revealed no statistical significance in
the difference between BLR-gCab/SCVE and BLR-gCam/
SCVE, BLR-gCab and BLR-gCam, or BLR and BLR-SCVE
cells. These results definitively show an improvement in CO2
hydration and mineralization upon concomitant expression of
CA and SCVE.

Diffusion/Reaction Quantification. The ability to modify
both the activity and transport in the biocatalysts allows for the
characterization of the system using classical methods
developed in the heterogeneous catalysis literature. The
effectiveness factor (η)45 is defined as the whole-cell activity
divided by the activity of an equivalent amount of enzyme with
no transport barrier. In order to determine the equivalent
amount of enzyme for a given number of whole-cell
biocatalysts, previously published values for periplasmic loading
were used.36 The effectiveness factor can also be used to

Figure 2. 1-N-phenylnaphthylamine (NPN) uptake factors for the
various whole-cell biocatalysts evaluated. Uptake factors are defined as
the fluorescence of the biocatalyst divided by the fluorescence of the
NPN solution alone. All measurements were performed in triplicate,
with the error bars representing the standard deviations from the
means. * indicates statistically significant increase in uptake factor
relative to controls.

Table 1. Kinetic Parameters for Unpermeabilized and
Permeabilized Whole-Cell Biocatalysts

catalyst
Vmax/cell

(mM s−1 cell−1)
KM

(mM)
Vmax/(KM·cell) (

s−1 cell−1)

BLR-gCaba 2.5 ± 0.6 × 10−7 38 ± 5 6.5 × 10−9

BLR-gCab/
SCVE

3.2 ± 0.4 × 10−7 38 ± 2 8.4 × 10−9

BLR-gCama 1.9 ± 0.4 × 10−7 31 ± 3 6.0 × 10−9

BLR-gCam/
SCVE

2.7 ± 0.5 × 10−7 34 ± 2 8.0 × 10−9

aPreviously published values.36 Measurements were performed in
triplicate, with errors indicating standard deviations from the means.

Figure 3. Calcium carbonate (CaCO3) precipitation amounts for the
various whole-cell biocatalysts evaluated. In each case, the cells were
tested (a) without SCVE expression and (b) with SCVE expression.
All measurements were performed in triplicate, with the error bars
representing the standard deviations from the means. * indicates
statistically significant improvement in precipitation relative to
controls.
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calculate the Thiele modulus (ϕ), a dimensionless parameter
that relates the diffusivity and reaction rate of a catalyst.45

The Thiele modulus is obtained by performing a
dimensionless shell balance on the catalyst considering both
diffusion and reaction within the shell. Assuming a spherical
catalyst with Michaelis−Menten kinetics, the nondimensional-
ized differential equation resulting from this derivation is

ψ
λ λ

ψ
λ

ϕ ψ
βψ

+ −
+

=d
d

d
d

2
1

0
2

2
2

(5)

where

ϕ = R
V
D K

max

e M (6)

and

β =
C
K

S

M (7)

In eqs 5−7, ψ is the nondimensionalized concentration (C/CS),
λ is the nondimensionalized radius (r/R), R is the radius of the
catalyst, De is the effective diffusivity of the catalyst, and CS is
the bulk concentration of reactant (CO2) in the extracellular
space. Equation 5 can be solved numerically to determine the
nondimensionalized concentration profile in the periplasm for
each biocatalyst. For a full derivation of these expressions and
the concentration profiles for each whole-cell biocatalyst
evaluated, please refer to the Supporting Information. To
obtain a value for ϕ, the following relationship between the
effectiveness factor and Thiele modulus was used:46

η
ϕ

β
β

β β= + − +
⎛
⎝⎜

⎞
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3 2 1
ln(1 )

(8)

Once the Thiele modulus was calculated, eq 6 was solved for
De, which was then calculated.
The last parameter calculated to describe the whole-cell

biocatalysts was the permeability (P) of the outer membrane to
CO2. The theoretical permeability of BLR-gCab and BLR-
gCam was calculated by47
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⎝
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0

0 (9)

where D is the free diffusivity of CO2 (1.94 × 103 μm2/s),48 d is
the membrane thickness (7.8 × 10−3 μm),49 a0 is the cross-
sectional area of all of the pores present in the outer membrane
(0.113 μm2),47 A is the total surface area of the outer
membrane (3.00 μm2),47 and a/a0 is the Renkin correction
factor, a relationship between the effective pore area (a) and a0.
It was calculated using47
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where rCO2 is the solute radius and Rp is the pore radius (5.8
Å).47 The solute radius of CO2 was calculated by50

πρ
=r

M
N

3
4CO2

A
3

(11)

where M is the molecular weight of the solute (44 g/mol), ρ is
the density of a solution of the solute being evaluated (ρCO2 =
ρH2O = 1 g/mL), and NA is Avogadro’s number. Once P was
calculated for BLR-gCab and BLR-gCam, it was used to
calculate P for the cells expressing the SCVE protein. To do so,
the following expression was used to determine a partition
coefficient (K) as a function of De for both biocatalysts:51

=P
KD

d
e

(12)

Then, using the De for each SCVE-expressing biocatalyst and its
corresponding K, the permeability for the permeabilized cells
was calculated. Table 2 contains the values for η, ϕ, De, and P
for the four whole-cell biocatalysts quantified using these
calculations.

The calculations show an increase in effectiveness factor of
about 100% upon permeabilization with SCVE expression for
biocatalysts containing both Cab and Cam. This roughly
translates into a 50% reduction in the Thiele modulus, a 3.5-
fold increase in diffusivity, and an increase in permeability of
about 2.5-fold. The biocatalyst found to have the highest
permeability was BLR-gCam/SCVE, for which P was found to
be approximately 4.4 × 103 μm/s. The calculated permeability
was used to estimate the expression yield necessary to obtain
such a value. By using the properties of an SCVE-generated
pore described above, it was estimated that the expression yield
would be 18 mg of SCVE per liter of culture in order to achieve
this permeability. Previously published reports have shown
recombinant porin expression yields of 20−25 mg/L of culture
in E. coli.52,53 Another report of outer-membrane protein
expression showed a yield of 12 mg/L of culture after
purification.54 Given that the protein recovery from each step
required in protein purification could be as low as 70%,55 the
actual yield could be much higher. Finally, the expression of
native outer membrane proteins such as OmpA, OmpX, and
OmpT have been shown to reach yields of 150−170 mg/L of
culture in E. coli.56 Thus, the estimated protein yield seems
reasonable and consistent with values found by other groups.

■ CONCLUSIONS
Recombinant expression of the SCVE viroporins in E. coli
resulted in the improvement of CA-based whole-cell bio-
catalysts. By introducing additional pores to the outer
membrane of the cells, the diffusivity of small molecules across
the outer membrane was enhanced. This translated into
increased apparent catalytic activity. These improvements
were measured experimentally, the data from which was then
used to quantify the enhancement using principles of diffusion-
reaction systems. This system could very easily be applied to

Table 2. Parameters Describing Reaction-Diffusion
Relationship for Whole-Cell Biocatalysts with and without
SCVE Expression

catalyst η ϕ De (μm
2 s−1) PCO2 (μm s−1)

BLR-gCab 0.21 22 0.83 × 10−3 1.7 × 103

BLR-gCab/SCVE 0.43 11 2.9 × 10−3 4.1 × 103

BLR-gCam 0.28 17 2.0 × 10−3 1.7 × 103

BLR-gCam/SCVE 0.58 8.1 7.3 × 10−3 4.4 × 103
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other biocatalysts whose catalytic components (most com-
monly enzymes) are relegated to the periplasmic space of the
cell. Overall, this work demonstrates that synthetic biology
techniques can be used to design and build improved
heterogeneous catalysts, which will facilitate applications such
as carbon capture and sequestration.

■ METHODS
Materials. Chemicals were obtained from Sigma-Aldrich

(St. Louis, MO), unless otherwise stated. Custom oligonucelo-
tides were synthesized by Integrated DNA Technologies (IDT;
Coralville, IA). Enzymes used in cloning were purchased from
New England Biolabs (NEB; Ipswich, MA). Isopropyl β-D-1-
thiogalactopyranoside (IPTG) was obtained from Promega
Corp. (Madison, WI). BLR(DE3) E. coli cells were from
Novagen (Billerica, MA)
Cloning. The SCVE gene was synthesized by Epoch Life

Science (Sugarland, TX). Oligonucleotides TP55 and TP56
were used to amplify the gene. The PCR product was then
digested using the BamHI and EcoRI restriction enzymes. The
destination vector pET-2Z (Plasmid 29776; Addgene, Cam-
bridge, MA) was similarly digested and gel-extracted. The
digested SCVE fragments were ligated into the digested pET-
2Z vector using T4 DNA Ligase, resulting in the plasmid
pET2Z-SCVE. BLR(DE3) E. coli cells were transformed with
this plasmid by electroporation and selected on agar plates
containing 50 μg/mL spectinomycin. The pET2Z-SCVE
plasmid was also transformed into BLR-gCab or BLR-gCam
cells and selected on agar plates containing 50 μg/mL
spectinomycin and 50 μg/mL ampicillin. These whole-cell
biocatalysts were selected to allow for individual induction of
CA and SCVE expression. The SCVE DNA and amino acid
sequences, as well as the two primer sequences used for cloning
can be found in Supporting Information Tables S1 and S2.
Protein Expression. SCVE was expressed at 37 °C in 10

mL of Luria Broth (LB) supplemented with 50 μg/mL
spectinomycin. Cells containing gCab or gCam as well as SCVE
were expressed in similar conditions but also contained 50 μg/
mL ampicillin. Cultures were inoculated by diluting overnight
cultures at a 1:50 ratio. SCVE expression was induced with 1
mM IPTG at OD600 = 0.6. Induction of gCab and gCam was
performed by concurrently adding 0.02% L-arabinose and 1
mM ZnCl2. After 4 h of expression, the cultures were pelleted
by centrifugation at 3000g for 10 min. The pellets were
resuspended in the buffer appropriate for the various assays
described below.
NPN Assay. Several versions of a 1-N-phenylnaphthylamine

(NPN) uptake assay have been described previously.44,57,58 The
basic principle is substrate fluorescence upon interaction with
the inner lipid membrane and an increase in diffusivity would
result in an increase in fluorescence. Here, the whole-cell
biocatalysts were resuspended in 5 mM HEPES pH 7.2. A stock
solution of NPN containing 5 mM NPN in acetone was diluted
to 50 μM in 5 mM HEPES pH 7.2. In a black 96-well plate, 50
μL of 5 mM HEPES pH 7.2 and 100 μL of the cell suspensions
were mixed. To initiate the reaction, 50 μL of the diluted NPN
solution was added to the wells. After incubation at 25 °C for 3
min, the fluorescence was measured using excitation and
emission wavelengths of 355 and 405 nm, respectively, in a
SpectraMax M2 spectrophotometer (Sunnyvale, CA).
Kinetic Assays. The stopped-flow kinetic assay used was

previously described.36 Briefly, solutions of 55.6 μM m-cresol
purple were saturated with CO2 and N2 via bubbling of each

compressed gas through a glass gas dispersion tube (Ace Glass,
Vineland, NJ) at 25 °C. These solutions were mixed to vary the
concentration of CO2 from 3 to 28 mM. The whole-cell
biocatalysts were diluted in 100 mM Tris at pH 9.0. The
concentration of cells in each solution was determined by
measuring their optical densities at 600 nm. Using a BioLogic
stopped-flow apparatus (BioLogic, Claix, Iser̀e, France)
attached to a Jasco J-815 CD Spectrometer (JASCO, Easton,
MD), the absorbance at 578 nm was monitored. The data was
fit to the differential form of the Michaelis−Menten equation
using the Berkeley Madonna software.59 Each measurement
was baseline-corrected by the activity of BLR cells expressing
no recombinant CA.

CaCO3 Precipitation. The precipitation assay used was
previously described.36 Briefly, 5 mL of 1 M Tris pH 9.0 was
placed in a 15 mL centrifuge tube (Corning, Inc., Tewksbury,
MA). After adding the biocatalyst being tested, compressed
CO2 gas was bubbled through each solution for 30 s using a
glass gas dispersion tube. Immediately after bubbling, calcium
chloride (CaCl2) and calcium carbonate (CaCO3) were added
to the solution. After incubation at 25 °C for 1 h, the
suspension was passed through a spin column (Epoch Life
Science, Sugarland, TX) on a vacuum manifold (Qiagen,
Valencia, CA). Once they dried, the columns were weighed to
determine their total mass. The amount of CaCO3 generated in
each sample was determined by subtracting the initial mass of
the spin column, the mass of cells added, and the mass of
CaCO3 added.

Statistical Analysis. Analysis of variance (ANOVA) was
performed using the Minitab program (Minitab Inc., State
College, PA). The general linear model (GLM) and the Tukey
Method were both used to evaluate the data.
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