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Carbonic anhydrase (CA) is one of nature’s fastest enzymes and
can dramatically improve the economics of carbon capture under
demanding environments such as coal-fired power plants. The use
of CA to accelerate carbon capture is limited by the enzyme’s sen-
sitivity to the harsh process conditions. Using directed evolution,
the properties of a β-class CA from Desulfovibrio vulgaris were
dramatically enhanced. Iterative rounds of library design, library
generation, and high-throughput screening identified highly sta-
ble CA variants that tolerate temperatures of up to 107 °C in the
presence of 4.2 M alkaline amine solvent at pH >10.0. This increase
in thermostability and alkali tolerance translates to a 4,000,000-
fold improvement over the natural enzyme. At pilot scale, the
evolved catalyst enhanced the rate of CO2 absorption 25-fold com-
pared with the noncatalyzed reaction.
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Releasing over 9 billion metric tons of CO2 worldwide each
year, coal-fired power plants are the leading anthropogenic

source of CO2 emission. A potential solution to reduce the re-
lease of CO2 into the atmosphere is the implementation of
carbon capture and sequestration (CCS) technology on coal- and
natural-gas–fired power plants. Currently, one of the most viable
postcombustion CCS technology options uses an amine solvent
to remove CO2 from the flue gas (1). Unfortunately, the large
amount of energy required to release the CO2 and regenerate
the solvent would significantly increase the cost of electricity
generated (2). The ideal solvent capture process uses a solvent
such as an aqueous amine with fast CO2 absorption kinetics and
a low heat of desorption to minimize the solvent regeneration
energy. However, a high rate of CO2 absorption kinetics for
an amine solvent correlates with a higher temperature of de-
sorption, whereas solvents with low heat of desorption tend to
have much slower adsorption kinetics (3, 4).
With reaction rates approaching the limits of diffusion, car-

bonic anhydrase (CA) is one of the fastest enzymes known. The
active site of CAs can turnover CO2 and water to bicarbonate
and a proton up to a million times per second, and are used by
almost every living organism to maintain pH balance and
transport carbon dioxide. It has been shown that CAs can be
used to accelerate the capture of CO2 (5) by serving as a catalyst
in alkaline capture solvents with slow absorption kinetics (6, 7).
The potential improvements of CAs on CCS process economics
stems from several considerations. The faster absorption and
desorption kinetics allows for smaller processing equipment with
reduced capital and operating costs (6). The improved kinetics
also allows the use of lower temperature capture and solvent
regeneration process conditions, and decreases energy losses in
the capture process. Another benefit is the improved range of
solvent candidates with attractive thermochemical stability (e.g.,
low vapor pressure, low formation of heat stable salts, etc.), but

otherwise unacceptable uncatalyzed absorption kinetics. In ad-
dition, the use of a CA as an accelerant has the potential of
lowering solvent replacement costs. However, implementing
natural CAs in large-scale carbon capture processes has been
limited by inactivation of the enzyme under the harsh alkaline
conditions of an amine solvent and the elevated temperature
required for CO2 desorption. To date, it has been assumed that
a protein catalyst could not tolerate exposure to the high tem-
peratures and alkaline environment of amine solvent capture
and desorption process (Fig. 1).
Directed evolution is an efficient protein engineering strategy

for the generation of very large changes in active site or surface
residues to give enzyme variants capable of catalyzing new
chemistries or ones which act on substrates far afield from those
found in nature. Such novel enzymes have enabled efficient bio-
catalytic pharmaceutical manufacturing processes (8–12). In this
article we describe the use of directed evolution in combination
with the protein sequence activity relationships (ProSAR) algo-
rithm (13) to create new variants of CA that function under some
of the harshest industrial conditions yet applied to enzymes. We
created a highly stable form of the CA from Desulfovibrio vulgaris
(DvCA) that accelerates CO2 absorption at temperatures above
100 °C in alkaline solvents required for efficient carbon capture.

Results and Discussion
DvCA was selected from a set of natural CAs due to its high
activity in 4.2 M N-methyldiethanolamine (MDEA). DvCA is
a 243 amino acid protein with a 21 amino acid N-terminal
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secretion signal peptide. The mature enzyme is predicted to be
a β-class CA homologous to the CA from Mycobacterium tuber-
culosis (MtCA), whose structure has recently been solved (14)
(Fig. S1). Based on a sequence alignment of closely related
homologs and the structural model, residues Cys55, Asp57,
Arg59, His108, and Cys111 are predicted to be the catalytic and
Zn2+ metal coordinating residues (residue numbering relative
to the mature enzyme as expressed in Escherichia coli).
MDEA was selected as the solvent of choice because of its

low heat of desorption for CO2 (15) and advantageous physio-
chemical properties. The use of MDEA in CCS has been limited
by slow CO2 capture kinetics. The use of a CA was hypothesized
to increase the overall rate of CO2 capture in this kinetically slow
solvent while maintaining the advantage of its low heat of de-
sorption. Although functional in 4.2 M MDEA, DvCA retained
only 46% of its activity after being incubated at 40 °C for 24 h.
The quest for a thermostable CA was thus focused on generating
DvCA variants that tolerate temperatures of 100 °C and higher
in high concentrations of MDEA.
A combination of saturation mutagenesis (16–18) for effective

diversity generation coupled with highly efficient recombination
tools and the use of statistical analysis to maximize screening
efficiency was used to improve DvCA. In nine rounds of evolu-
tion, over 27,000 DvCA variants were screened at increasingly
higher temperatures in the presence of 3.0–4.2 M MDEA to
identify enzymes with the desired characteristics. In the first
round of evolution, saturation mutagenesis at all noncatalytic
positions using a set of degenerate-codon–containing oligonu-
cleotides was used to identify beneficial diversity. Screening of
3,780 randomly selected variants from this library provided 84
unique mutations at 44 positions that were improved over the
natural enzyme when challenged at 42 °C in 3 M MDEA for 24 h
(Table S1). The relatively high hit rate (2.2%) suggests that the
enzyme was quite malleable and readily evolvable. The positive
effect of the A56S mutation in the most active DvCA variant is
thought (based on the homology model) to be a result of the for-
mation of an additional hydrogen bond across the dimer interface
and stabilization of a β-sheet in the protein core (Fig. 2A). Multiple
beneficial mutations were observed at positions 30, 84, 96, 121, 139,
and 147, suggesting these are hot spots for enzyme improvement.

The set of 84 beneficial mutations from round 1 was used in
combinatorial libraries from rounds 2–6 and recombination of
these beneficial mutations by either gene shuffling (19, 20) or
simultaneous multisite targeted mutagenesis (21, 22) resulted in
significant enzyme improvements (Fig. 3). Statistical analysis of
the screening results using the ProSAR algorithm (13, 23) on a
round 2 library containing the mutations with the largest-fold
improvement from the first round revealed T30R and A84Q as
two of the most beneficial mutations (Figs. S2 and S3). T30R is
a mutation at a surface residue that likely increased the enzyme’s
favorable interactions with the solvent, whereas the A84Q mu-
tation is hypothesized to form an additional hydrogen bond
across the dimer–dimer interface (Fig. 2B). In the context of
DvCA2.0 (the best variant from round 1 that was used as the
round 2 parent), 6 of the 13 mutations in the library were still
predicted to be beneficial (Fig. S3). After ProSAR analysis of all
of the round 2 combinatorial libraries, the pool of diversity de-
creased from 84 to 25 unique mutations, with many of the ini-
tially beneficial mutations dropping out in the context of the
A56S mutation.
Our strategy in subsequent rounds of evolution was to use

statistical tools which allow only minimal screening of the li-
braries while maximizing the information obtained. When
working with a library of finite size, it is common practice to
screen three times the size of the library to ensure 95% coverage.
In the second round of evolution, screening of over 100,000
randomly selected variants would have been required to satisfy
that criterion. In our approach, fewer than 3,000 variants were
screened for 1.8% coverage of the theoretical size of the library
(Table 1). That was sufficient to identify an excellent hit, albeit
not the best hit in the library, to serve as the parent for the next
round of evolution. In addition, the use of ProSAR allowed for
accurate identification of beneficial diversity for round 3 (Fig. S3).
The screening procedure was adjusted to make selection

pressure progressively more severe in subsequent rounds of
evolution; from 24 h at 42 °C in 3 M MDEA in round 1, to the
final round where the samples were challenged for 1 h at 107 °C
in 4.2 M MDEA. Table 1 shows how the diversity continued to
decrease in each round following the initial saturation muta-
genesis round as the challenge temperature increased. The
diversity identified in previous rounds was almost completely

Fig. 1. Flue gas from a coal-fired power plant is piped into an absorber
column (blue) where CO2 chemisorbs into an amine solvent, catalyzed by CA,
and is hydrated to a proton and a bicarbonate ion. The CO2-depleted flue
gas is released into the atmosphere and the HCO3

−-loaded amine solvent
and CA is transferred to a second column where CO2 is stripped at elevated
temperatures (>87 °C), resulting in solvent regeneration. The pure CO2

stream can be compressed and stored in depositories or used in industrial
processes. The regenerated solvent is returned to the absorber column to
repeat the process.

Fig. 2. A56S and A84Q mutations are shown in yellow and the hydrogen
bonds as red dashed lines. Based on its closest crystallized homolog (14) the
quaternary structure of DvCA is predicted to be a dimer of dimers. (A) The
upper inset shows the A56S mutation hydrogen bonding to the backbone of
the opposing monomer presumably stabilizing the dimer interface. The
hydrogen bonds are thought to form at opposite ends of the antiparallel
β-strand interaction at the core of the folded protein. (B) The lower inset
depicts the hypothesized interactions between the A84Q mutations across
the dimer–dimer interface. Position 84 is at the center of the tetramer in-
teraction. It is the only amino acid that interacts with the corresponding
amino acids in all four monomers.
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exhausted by the end of round 4. A second set of saturation
mutagenesis libraries aimed at finding additional diversity was
generated in round 5. After 9 rounds of evolution, a total of 36
positions representing 15% of the enzyme was mutated (Fig.
4A). Most of the mutations were located at the tetramer in-
terface (Fig. 4 B and C). Over the course of DvCA evolution, the
calculated isoelectric point (pIcalc) for the best variant of each
round increased progressively from 6.7 for the natural enzyme to
8.9 for the final variant, as a result of mutations of acidic residues
to basic amino acids (Table S1). This is unexpected because,
based on a previous report, the enzyme’s performance was
expected to decrease due to aggregation as the pIcalc approached
the solvent pH of 10.0 (24).
Long-term stability studies on the round 8 parent (DvCA8.0)

showed a 10,000-fold improvement in half-life compared with
the native enzyme. This variant retained 40% of its activity after
being challenged for 14 wk at 50 °C in 4.2 M MDEA (Fig. 3B),
whereas the native enzyme had a half-life of 15 min under
identical conditions, validating the evolution strategy under-
taken. However, in 4.2 M MDEA and 50 °C, DvCA8.0 was
shown to be twofold less active than the wild-type enzyme
under the less stringent conditions of 1.0 M MDEA and 25 °C
(Fig. S4). The results are consistent with previous reports that
show that increased stability can come at the cost of overall
activity (25).
To assess the CA-catalyzed acceleration of mass transfer of

CO2 into an aqueous solution of MDEA, DvCA8.0 was used
in a pilot-scale CO2 capture demonstration run at the National
Carbon Capture Center (NCCC) in Wilsonville, AL. The enzyme’s
stability was evaluated while being cycled between the absorption
temperature (25–35 °C) and the desorption temperature (87 °C)
over six consecutive days. The unit was designed for continuous
operation and was capable of capturing as much as 150 lb of CO2
a day at steady-state conditions (Fig. S5).

The test rig was used to determine the kinetics of CO2 ab-
sorption in MDEA using flue gas from a coal-fired power plant
in the presence and absence of DvCA8.0. In a gas–liquid con-
tacting system with CO2 absorption rates dominated by liquid-
side diffusion, a fast liquid-side hydration reaction has the effect
of steepening the CO2 concentration gradient near the gas–liq-
uid interface (26). Because the rate of absorption is proportional
to this gradient, this results in a net enhancement of the overall
rate of CO2 capture. This effect on absorption was demonstrated
and quantified by measuring the overall mass transfer coefficient
KG∙a (27) of CO2 capture in the pilot-scale absorber. In the
presence of 2.1 MMDEA and with 0.2 g/L of the DvCA8.0, KG∙a
for the uncatalyzed and catalyzed reactions was 1.6 and 39
kmol·m−3·atm−1·h−1, respectively, which translates to a 25-fold
improvement in the overall mass transfer coefficient (Fig. 5).
Further increases in enzyme loading lead to significant but dimin-
ishing performance returns as CO2 diffusion becomes limiting.
Interestingly, 2.1 M MDEA and 4.2 M MDEA both show

similar relative improvements in mass transfer with the addition
of 0.2 g/L of enzyme. This suggests that, under the studied
conditions, catalysis of CO2 hydration is insensitive to the amine
concentration and results in the same enhancement factor.
However, note that in both the catalyzed and uncatalyzed cases,
the mass transfer coefficient for 4.2 M MDEA is about half that
of 2.1 M MDEA. According to the penetration theory, the lower
mass transfer coefficient at higher amine concentration seems to
be accounted for by higher solvent viscosity (28).
DvCA8.0 was evaluated for thermal stability at steady-state

operation for an extended run time of 60 h as shown in Fig. 5B.
Depending on the time of day and the load on the power plant,
the CO2 volume percent in the flue gas varied between 12% and
13%. Steady-state operation was achieved after about 2.5 h,
representing five “turnovers” of the 60 L solvent volume being
circulated at 2 liters per min (LPM). Carbon capture generally

Fig. 3. (A) Compounded fold improvement after each round of evolution. The relative fold improvement for each round is shown in red, whereas the
temperature at which the half-life was determined is shown in black above each bar. (B) The round 8 parent (DvCA8.0) was exposed to 4.2 M MDEA at 50 and
60 °C for 14 wk. At regular intervals a sample was assayed for activity at 25 °C. The half-life is estimated to be 14 and 6 wk at 50 and 60 °C, respectively. This
compares to a half-life of 15 min at 50 °C for the wild-type enzyme DvCA and translates to a 10,000-fold improvement in half-life of the DvCA8.0 variant. At
60 °C, the wild-type enzyme has no detectable activity.

Table 1. Round diversity and screening coverage

Round Library size* Variants screened† Percent coverage Beneficial mutations Libraries

1 4,460 3,780 57.2 84 Saturation mutagenesis
2 128,768 2,352 1.8 25 Combinatorial
3 86,144 2,352 2.7 22 Combinatorial
4 45,920 2,772 5.9 12 Combinatorial
5 4,460 3,948 58.7 14 Saturation mutagenesis
6 19,456 2,016 9.8 9 Combinatorial
7 4,460 3,780 57.2 20 Saturation mutagenesis
8 46,592 2,016 4.2 10 Combinatorial
9 69,996 4,200 5.8 13 Saturation mutagenesis/combinatorial

*The library size number is a sum of the size of all of the libraries constructed and screened during that round.
†Randomly selected variants screened for all of the libraries constructed during that round.
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stayed in the range of 60–70% with an average of 63.6%. There
was no measurable trend of carbon capture performance loss in
the 60-h run time. These results indicate that the enzyme is ca-
pable of withstanding the harsh solvent regeneration conditions
for over 60 h of run time without any loss in activity.
As the effectiveness of enzyme evolution strategies continues

to improve, the use of enzymes as catalysts for the manufacturing
of everyday commodities and fine chemicals will continue to
increase. The work presented here outlines a general strategy
that can be readily applied to the engineering of very large
changes in protein function or stability. Note that the aim of
evolution is not necessarily to find the best variant in each round,
but rather to quickly find beneficial diversity for recombination
until activity and stability performance targets are hit. This idea,
to move forward with a good enzyme and not become over-
burdened with an exhaustive search for the best enzyme, was key
to the evolution campaign undertaken. There was a conscious
effort to maximize the knowledge obtained from each library
while minimizing the time spent screening it. This allowed for the
evaluation of more libraries of increasingly larger size. In addi-
tion, it provided a means to move forward with more rounds of
evolution in shorter period. Ultimately this strategy resulted in
the successfully engineering of a CA with 4,000,000-fold com-
pounded stability improvement over the parent enzyme.

Materials and Methods
Plasmid Construction and Expression System. The wild-type CA amino acid
sequence was obtained from the genomic sequence of Desulfovibrio vulgaris
str. ’Miyazaki F’ (UniProtKB ID code B8DIN9). The nucleotide sequence that
codes for the mature enzyme was optimized for expression in E. coli and
expressed using the pCK110900 vector (29) that contains the p15a as the
origin of replication, a chloramphenicol resistance gene as the selection
marker, and the lac promoter. The constructed plasmid was transformed
into E. coli DH10BT by electroporation.

Library Construction. Saturation mutagenesis libraries targeting every posi-
tion of the protein were constructed by the gene splicing by overlapping
extension (SOEing) technique (30). The WKG, VMA, and NDT degenerate
codons were used as a pool at a ratio of 1:1.5:3 to generate fragments that
coded for the 20 amino acids. The fragments were then amplified via a res-
cue reaction using the appropriate 3′ and 5′ flanking oligonucleotides.

Combinatorial libraries were constructed using either the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit from Agilent Technologies or
by the SOEing technique.Multiple fragments pertaining to eachmutation are
created along the entire length of the gene. A second PCR is then used to
assemble the fragments.

High-Throughput Library Screening. All culturing steps, sample preparation,
heat challenges, and assays were carried out in 96-well plate format. Libraries
were transformed into E. coli W3110 cells and plated on Q trays with chlor-
amphenicol (CAM). Individual colonies were picked using a Q-Pix colony picker
into 96-well shallow NUNC plates containing 180 μl of LB with 1% glucose and
30 μg/mL CAM. The cells were grown overnight at 37 °C and 85% relative
humidity while shaking at 200 rpm and 10 μL of the overnight culture was used
to inoculate a 96–deep-well plate with 390 μl of TB and 30 μg/mL CAM in each
well. The plate was shaken for 2.5 h at 250 rpm, 37 °C, and 85% humidity.
Protein production was induced by the addition of 40 μl of 11 mM iso-
propylthio-β-galactoside and 5.5 mM ZnSO4. The plates were incubated over-
night and cell pellets were harvested by centrifugation and stored at −80 °C.

Cell lysis was carried out by thawing the frozen pellets for 15 min at room
temperature and then adding 200 μL of 25 mM Hepes pH 8.3, 0.5 mg/mL
p-chloromercuribenzenesulfonate, and 0.25 mg/mL lysozyme to each well.
The plates were sealed and shaken for 1 h at room temperature. Clarified
lysates were obtained by centrifugation and 50 μL of the supernatant was
mixed with 50 μL of MDEA solution to give the final challenge concentration
of MDEA listed in Table S2. Plates containing lysate–MDEA mixtures were
then subjected to the temperature challenge listed in Table S2. After the
challenge, 10 μL of the mixture was assayed for activity in 200-μL reactions
using the conditions listed in Table S2. The slope of the absorbance change
at 550 nm was recorded over 10 min. The final rate was determined after
subtracting the rate of the background reaction.

Enzyme Stability Confirmation. E.coli cultures overexpressing carbonic anhy-
drase variants were grown, and the crude lysates were lyophilized to prepare
enzyme powders for testing. To measure the activity and stability of the
carbonic anhydrase, the enzyme was added to the MDEA solution and in-
cubated at the specified incubation temperature. Periodically, the solution
was removed from the incubator and adjusted to the assay temperature and
assayed for activity using a stirred cell reactor (SCR) as described elsewhere
(31). Briefly, 100 mL of enzyme plus MDEA solution was added to a 500-mL
(total reactor volume) SCR. The reactor was then evacuated until the pressure
reached the vapor pressure of the solvent. After the temperature and pres-
sure reached equilibrium, the reactor was pressurized with carbon dioxide
gas to about 10 pounds per square inch gauge (psig), after which the flow of
CO2 was stopped. The pressure drop with time (corresponding to the ab-
sorption of CO2 into the solvent) was recorded, along with the temperature,

Fig. 4. (A) Mutations accumulated in nine rounds of evolution of DvCA are shown in orange with the corresponding residues of the wild-type enzyme shown
above. The pIcalc of the enzyme increases by more than two pH units. The best round 9 variant (DvCA10) accumulated 39 mutations and shares less than 85%
sequence identity with the natural sequence. (B) A surface view of one of the monomers is shown in blue with the mutations accumulated in each of the
parents highlighted in red. The wild-type (DvCA) rendition also contains the ribbon diagram of the three additional monomers in red, yellow, and green. (C)
Same image as in B but rotated by 180° to show the mutations at the tetramer interface.
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and these data were used to calculate the overall rate constant for absorption
(kOV) using the equations described elsewhere (31). After the assay was
complete, the solution was returned to the incubation temperature until the
next assay was performed.

Carbon Capture Pilot Test. The pilot test unit was custom-built for transport
and installation at the NCCC in Wilsonville, AL. NCCC is a US Department of
Energy sponsored user facility to test CO2 capture technologies under
commercially representative conditions with coal-derived flue gas. The pilot-
scale test rig consisted of two main process modules––a small absorption
column to treat an industrial flue gas stream and a heated desorption vessel
to drive off absorbed CO2 and regenerate the solvent. The absorber was
composed of two inline 3.15-m columns, 150 mm in diameter and packed
with 16-mm pall rings. Liquid redistributors were installed for every 1 m of
packing height. Because of enhanced mass transfer in the desorber, de-
sorption is accomplished in a stirred vessel where mixing is enhanced by
desorbing CO2. This is an inexpensive design and a deviation from the
conventional design consisting of a packed column. Solvent flow rates were
varied from 1 to 5 LPM and flue-gas flow rates from 30 to 500 standard liters
per min (SLPM). Lean solvent temperature ranged from 20 to 40 °C and
desorber temperature was varied between 87 and 100 °C. Nominal con-
ditions for steady-state experiments were 2 LPM of solvent, 180 SLPM of flue
gas, a 25 °C absorber temperature, and 87 °C desorber temperature. All
enzyme–solvent mixtures were prepared using municipal tap water with no
further treatment. The flow rate, temperature, pressure, and compositions
of the flue gas entering and leaving the absorber were measured and used
for real-time mass balance calculations of percent carbon capture. The
cooling system for the column’s solvent temperature became burdened
during daytime temperatures of ∼35 °C, which resulted in the lean solvent
feed temperature ranging from 20 to ∼30 °C between early morning and
afternoon. The 60-h test spanned 5 d, operating for about 12 h per day. The
test was initiated with unloaded 25 wt % MDEA containing 0.2 g/L of active
DvCA8.0. The overall mass transfer coefficient KG.a was estimated by the
methods outlined below.

For CO2 absorption in MDEA, the convective mass transfer takes the form

NCO2=KG:P
�
yCO2 ,flue gas − yCO2 ,solvent

�
, [1]

where NCO2 is the flux of CO2 into the solvent, yCO2 represents the mole
fraction of CO2 in the flue gas or exerted by the vapor pressure of the sol-
vent, and P is the total pressure.

Mass balance across a differential volume in the column gives

dz=−
G’dy

KG ·a ·Pðy − y*Þ · ð1− yÞ, [2]

where dz represents a differential in the packing height, a is the specific
surface area of the packing material (e.g., m2/m3), and G′ is the total molar
flow rate inert components of the flue gas (mostly N2 and O2).

Some judicious simplifications yield the following expression for esti-
mating Kga:

lnðy2=y1Þ=−KG ·a ·RT · τ, [3]

where y1 is CO2 mole fraction entering the section of absorber column and
y2 is the CO2 mole fraction leaving the section, R is the ideal gas constant,
and T is the temperature.
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