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ABSTRACT
Activity Assessment of a Halophilic γ-carbonic Anhydrase from the
Red Sea Brine Pool Discovery Deep
Alexandra-Ioana Vancea

Carbonic anhydrases catalyze a central reaction in life – the inter-conversion between
carbon dioxide and water. Consequently, there is an increasing interest in research in using
carbonic anhydrases for industrial applications such as biofuel production and carbon
capture, since current approaches for CO2 capturing are expensive, harsh and energy
demanding. The proof of principle for using carbonic anhydrase in these applications for
carbon fixation has been validated. However, the current known and tested carbonic
anhydrases are not tolerating the harsh industrial conditions. An ideal carbonic anhydrase
should display thermo-, salt, and solvent stability and exhibit a decent reactivity. Herein
we present the characterization and activity assessment of a halophilic γ-carbonic
anhydrase from the Red Sea brine pool Discovery Deep. Protein X-ray structure exhibited
the molecular structure and allowed the successful engineering of a small, active mutant
library. Stopped-flow measurements gave insights into the activity and evaluated the
engineering principles.
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Chapter 1. Introduction
1.1. Exploring the Red Sea brine pools
The Red Sea is located between Africa and Asia, covering the entire west coast of Saudi
Arabia, and is generally characterized by high surface temperature and high salinity1. At
the bottom of the Red Sea, several brine pools have been discovered, and their geochemical
properties have been widely studied1 (Figure 1). High pressure, temperature, salinity, and
low oxygen levels2 are making the deep brine pools a very attractive sampling site in the
search for extremophiles (Table 1).

Figure 1: Geographical position of the five sampled brine pools during the Third KAUST Red Sea expedition3

Table 1: Characteristics of the Discovery Deep brine pool

Discovery Deep brine pool
Depth

pH

Temperature

Salinity

2280 m

6.6

44.8 °C

26.2 %
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The development and improvement of culture independent methods allowed the study of
such inaccessible microbial communities, as represented in the deep brine pools in the Red
Sea4. Samples collected from the KAUST Red Sea expedition were analyzed for their
genetic material. These sequenced and computational annotated genes were deposited in
the so-called INDIGO – Red Sea Database5. From this database, several enzymes have
been already successfully expressed, classified and characterized3, 6-7.
One of the enzymes isolated from the Discovery Deep brine pool (Table 1, Figure 1) was
an annotated carbonic anhydrase (CA_D)5. In this work, we are further investigating this
carbonic anhydrase (CA_D). Important initial work performed on CA_D is described in
section 1.5. Previous Project Work.

1.2. Halophiles – one type of extremophiles
Extremophiles are organisms that thrive in harsh and extreme conditions, such as high
temperature, pressure and extreme pH; thus, their molecular machines have adapted to
fulfill their functions in such environments8. These organisms are highly appealing for
industrial applications as they are the source of extremozymes, enzymes capable of dealing
with harsh conditions required for industrial processes9. A lot of work has been done on
the discovery and application of thermophiles10-11, but there is an increasing trend in using
halophiles in industrial applications12. Halophiles flourish in high salinity, close to
saturation levels, and some of them can withstand high temperature and high pressure12.
Such organisms can be found in high salinity lakes, salt pans and more recently discovered,
deep-sea brine pools1.
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1.3. Halophilic expression systems
Halophilic enzymes require an expression system capable of growing in high salt. Attempts
of expressing halophilic proteins in Escherichia coli (E. coli) have been made13.
Frequently, the expressed halophilic protein was insoluble and was forming inclusion
bodies. Therefore, the protein of interest had to be recovered from the pellet by the time
consuming denaturing and refolding process and the yields of recombinant protein are
often low 13. Thus, there is a need for suitable model organisms, which should be easy to
cultivate and handle under the given conditions, present a short generation time, and be
responsive to experimental manipulation - Halobacterium sp. and Haloferax volcanii fulfill
these requirements.
1.3.1. Halobacterium sp.
Halobacterium sp. is a suitable system due to its capability of growing in 4.3 M salt and
42 °C, which is similar to the conditions in the Discovery Deep brine pool from where
CA_D was identified5 (Figure 1, Table 1). For this study, an in-house engineered
Halobacterium sp. NRC-1 carbonic anhydrase knockout strain, Halobacterium sp.
SK400/MPK414 ΔicfA was used (2.2. Microorganisms). The ΔicfA knock-out aims to
remove background carbonic anhydrase activity. The plasmid used for expression has a
mevinolin (Mev) based selection14 and a cold shock promoter15 for inducing the expression
of the gene of interest. The promoter allows a leaky expression, leaving little control for
protein expression. One salient disadvantage of this system is that the genome contains
many transposable elements, also known as insertion sequences (IS) that often can cause
rearrangements and disrupt the protein expression16.
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1.3.2. Haloferax volcanii
Another well-established expression system is Haloferax volcanii, which grows optimally
at 1.5-2.5 M salt and 45 °C16-17. Due to its popularity, many strains have been engineered
so far, and a lot of different vector systems for protein expression were developed18. In this
study, the Haloferax volcanii strain H142418, which displays a knock out for uracil and
thymidine, was used. The untransformed Haloferax volcanii cells do not grow unless
thymidine is provided18. Therefore, the corresponding vector, pTA963, provides the
essential thymidine gene for synthesis. Furthermore, a great advantage of this system is the
L-tryptophan (L-Trp) inducible promoter for protein expression, which allows a tight
expression control18.

1.4. Structure and function of carbonic anhydrases
Carbonic anhydrases (EC 4.2.1.1) are metalloenzymes that catalyze the reversible
hydration of carbon dioxide (Scheme 1):
CO2 + H2O ↔ HCO3− + H+
Scheme 1: Reaction catalyzed by carbonic anhydrases

Carbonic anhydrases (CAs) play an essential role in pH homeostasis, respiration,
electrolyte secretion in tissues and organs, and are involved in many biosynthetic reactions
(e.g., gluconeogenesis, lipogenesis, ureagenesis, etc.)11. Furthermore, CAs are highly
dispersed in all kingdoms of life for handling metabolic CO2, and above that play a critical
role in photosynthesis19.
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1.4.1. The carbonic anhydrase families
Carbonic anhydrase activity was first observed while performing studies on the evolution
of CO2 from the blood when a catalytic acceleration by the red blood cell was found, but
the reason remained unknown20. Later on, the responsible enzyme, today is known as
carbonic anhydrase, was identified together with its many variants, and methods for
purification and characterization were developed21, 22, 23. When the first CA from spinach
was isolated24 and the primary structure determined, little sequence homology was
observed with already known CAs from mammalian systems24. Thus, it was assumed that
the animal and the plant kingdom developed a separate catalyst for dealing with CO2
through a process of convergent evolution25, 26. Nevertheless, when sequence homologs of
human CAs were discovered in the green alga Chlamydomonas reinhardtii27, a new
classification was needed. The first class of described CA, which is the only type found in
the animal kingdom, was named alpha and the newly discovered class beta28. While
identifying CAs from other organisms progressed, new classes have been discovered. At
the moment there are seven families of CAs, α-, β-, γ-, δ-, ζ-, η- and θ-CAs that evolved
independently of each other but still display a conserved catalytic function19. However, the
α- and β- families are widely distributed among all kingdom, δ-CAs are predominantly
found in marine photosynthetic organisms, and ζ-CAs were only described in marine
diatoms11, 29, 30, 31. The η- and θ-CAs are the most recently discovered CAs, thus being part
of ongoing research. The η-CA, which was being found in the malaria pathogen
Plasmodium falciparum, could be a potential target for malaria therapy32, 33. The γ-class
was first described in Archaea34. Since the main focus in this study is on the γ-class, some
characteristics will be discussed in more detail in the following sections.
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1.4.2. γ-Carbonic anhydrase family
Archaeal carbonic anhydrases were first studied while investigating the role of the CA in
the acetate-grown Methanosarcina thermophila35, 34. The primary structure of the CA from
Methanosarcina thermophila (Cam) revealed little sequence homology with all known
CAs at that time, indicating a new family of CAs34. When the crystal structure of Cam was
solved, it revealed a trimeric structure; the monomer displaying a left-handed parallel βhelix fold (Figure 2), confirming the new γ- family, and the sequence alignment showed
that it is present in all domains of life36.

Figure 2: Crystal structure of Cam monomer revealing the left-handed parallel β-helix fold (PDB: 1 QRG)

Interestingly, the sequence homology studies indicate that most of the γ-class homologs
belong to a subclass37. The founding member of the subclass is a Cam homolog (CamH)
from the same organism Methanosarcina thermophila that was missing two residues that
are relevant for the activity of Cam38. Therefore, even though Cam is the best-characterized
example of the γ-class37,

39

, the understanding of the biochemical and physiological

properties of this class is very limited and requires further investigation.
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1.4.3. Catalytic features of γ-carbonic anhydrases
The active site of the γ-CA is formed at the interface of two adjacent monomers (Figure 3).
The first crystal structure of Cam (PDB: 1THJ) indicated a distorted tetrahedral geometry
with a Zn2+ ion coordinated by three histidines (two from one monomer, third from the
other) and a water molecule36.

Figure 3: The 3-D structure of the Cam trimer (PDB: 1QRG) seen from above (right side) with a close-up
on the active site showing the Zn2+ atom coordinated by H81, H117 and H122 residues: the His residue
belonging to the adjacent monomer is marked with *

A higher resolution structure which was later on obtained resolved more water ligands,
indicating a pentacoordination for the Zn2+ bound in Cam (PDB: 1QRG)40. Nevertheless,
Cam shows a coordination environment similar to the human carbonic anhydrase II
(HCAII)36. In both HCAII and Cam, the same nitrogen atoms from the imidazole ring are
coordinating the zinc ion19, 36. Also, multiple conformations of the E84 side chain in Cam
were observed, which was shown to be an analog of the H44 proton shuttle residue (PSR)
of the HCAII41. Based on this similarity between Cam and HCAII, an initial reaction
mechanism for Cam was proposed40. The mechanism was later on refined based on the
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results from extensive mutagenesis studies on residues found around the active site. Figure
4 shows the proposed reaction mechanism involving E62, Q75, E84 and N202 residues42.

Figure 4: Proposed reaction mechanism for Cam: (A) Zn2+ is coordinated by two water molecules. (B) E62
extracts a proton from one water, and this water extracts a proton from the other water bound to zinc. (C-F)
The formed hydroxide attacks the CO2 resulting in a bound HCO3– replacing a water molecule, and passing
through one of the two represented transition phases. (G-H) The bound HCO3– is destabilized by the E62
hydrogen-bounding and displaced by two incoming water molecules, being removed and the active site
regenerated. Adapted from42
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The initial state of the active site is shown in Figure 4. The residues Q75 and E62 are
forming hydrogen bonds with the two water molecules bound to Zn2+. In the next step, in
Figure 4. B, E62 extracts a proton from the water it was bound to. This proton is shared
with the previously reported PSR, E8440. The formed hydroxide ion extracts a proton from
the Q75-bound water, forming the so-called catalytic hydroxide that shares a hydrogen
bond with Q75. In Figure 4. C-F the hydroxide attacks CO2, that is stabilized by the amide
group of Q75 and N202, resulting in a bound HCO3–, that will eventually be displaced by
two incoming water molecules (Figure 4. G-H), restoring the initial state of the active site.
The more recently proposed mechanism gives a better understanding of the role of highly
conserved residues in the γ-class42
The correlation between the activity of Cam and different metals has been studied40, 43. A
successful substitution of the metal in the active site of Cam was achieved, and the Co2+ or
Fe2+ bound Cam showed higher activity compared to the Zn2+ bound Cam40,

43

.

Furthermore, it was also observed that, when exposed to air, the iron-bound Cam loses its
activity fast, as the bound iron is oxidizing. Therefore, Cam was expressed under anaerobic
conditions and it was observed that in vivo, Cam incorporated iron instead of zinc,
indicating a physiological role for iron43.
1.4.4. Carbonic anhydrases as biocatalysts
Carbonic anhydrases play a vital role in the physiological processes of all organisms11, 19.
They are involved in many biosynthetic pathways, which makes them a good therapeutic
target in certain pathologies44. Thus many studies focus on biomedical applications, either
for addressing human pathologies or for targeting human pathogens11, 44. Above that, there
is a growing interest of CAs as biomimetics, such as using immobilized CAs in artificial
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lungs and in developing biosensors45. Furthermore, CAs are also of interest in industrial
applications46. The research field is focusing on developing cascade reactions with CAs for
the synthesis of small organic molecules47 biofuels production48 and CO2 capture46.
As the increase in CO2 in the atmosphere due to fossil fuel burning is accounted for the
observed global warming, measures such as CO2 capture and sequestration have been
taken. There are several studies for using immobilized CA to accelerate the rates of
absorption of CO2 in liquid phase45, 47, 49. Such processes require enzymes that are capable
of working under harsh conditions. These enzymes can be obtained either by protein
engineering or from organisms adapted to grow in these harsh conditions, like
extremophiles50.

1.5. Previous Project Work
Using single-cell genome data, Dr. Stefan Grötzinger identified the carbonic anhydrase
gene, CA_D, from the Discovery Deep Red Sea brine pools5, 51. The initial sequence
alignment suggested a γ-CA5. Further on, together with Dr. Ram Karan, they cloned and
expressed the CA_D in bioengineered Halobacterium sp. NRC-1. The CA_D, purified by
Dr. Ram Karan, was crystallized by Dr. Malvina Vogler (Figure 5).
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(a)

(b)

Figure 5: CA_D purification and crystallization: (a) SDS-PAGE of CA_D purification (provided by Dr. Ram
Karan); (b) CA_D crystal

The determined crystal structure (Figure 6) confirmed the structural characteristics of a γCA – a left-handed parallel β-helix fold, which is representative for this class36, 52. The
search for close structural homologues, revealed a good commonality with the PDB
structures of other reported γ-CAs (Figure 7, Table 2).

Figure 6: Crystal structure of CA_D (PDB: TBD) showing the left-handed parallel β-helix fold of the
monomer (left side) and the trimeric form seen from above (right side) with the active site at the interface of
adjacent monomers containing Zn2+ ion coordinated by three histidines
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CA_D 3R1W 3TIO 2FKO 3R3R 3IXC 3VNP 1XHD 4N27 1QRG 3KWC
Figure 7: Structural homology study - structural overlay of CA_D monomer with reported PDB structures

Table 2: List of the PDB structure used in the structure homology study together with the organism source
PDB ID

Organism

Type

3R1W

Unknown

psychrophilic

3TIO

Escherichia coli

mesophilic

2FKO*

Pyrococcus horikoshii

hyperthermophilic

3R3R

Salmonella enterica

mesophilic

3IXC

Anaplasma phagocytophilum

mesophilic

3VNP

Geobacillus kaustophilus

thermophilic

1XHD

Bacillus cereus

mesophilic
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4N27

Brucella abortus

mesophilic

1QRG*

Methanosarcina thermophila

thermophilic

3KWC*

Thermosynechococcus elongatus

thermophilic

*- structures with reported activity

Further research on the homology at the primary sequence levels with γ-CA homologues
with reported activity (Table 3), led to the observation that there was a variance in three of
the highly conserved active site residues. In case of Cam, the γ-class prototype, these
residues are relevant for the enzyme activity40-41.

Table 3: Sequence comparison of CA_D with structure homologues with reported activity
Selected homologues

Residues

CA_D

R43

I46

K58

D67

H166

H64

H89

H94

1QRG (Methanosarcina
thermophila)

R59

E62

Q75

E84

N202

H81

H117

H122

3KWC
(Thermosynechococcus
elongatus)

R53

E56

Q69

Q78

N185

H75

H102

H107

CA_D*

R43

E46

Q58

D67

N166

H64

H89

H94

Therefore, we generated and expressed a CA_D mutant with modified active site residues,
CA_D* (Table 3, Figure 8.a). Activity measurements of the wild-type (WT) and the
generated mutant (Figure 8.b) revealed an increased activity of the mutant relative to the
WT. This observation is the basis of the presented study.
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Figure 8: Purification and activity of CA_D*: (a) SDS-Page for CA_D* purification (left side Coomassie
staining, right side His staining). (b) Activity measurements showing a 25-fold increase in the mutant relative
to wild-type

1.6. Objectives

The main objective of this work is to investigate the activity of the CA_D enzyme by
different approaches.
First, we look to improve the expression of CA_D, as relatively large amounts and good
purity of the protein is preferred in order to proceed with any of the following approaches.
Preliminary work indicated that mutating three residues that were previously reported to
be highly conserved among γ-class of carbonic anhydrases and important for the enzyme
activity, enhanced the activity of the CA_D. Therefore, we focus on understanding the
importance of the mutated residues in the enzyme activity by creating a library of single
and double mutants and assaying their activity.
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We would also like to assess the impact of the reaction conditions (salt concentration,
temperature and pH) on the activity of CA_D triple mutant.
And at last, we study the effect of exchanging the metal on the activity of the enzyme, as
the γ-class prototype Cam, was shown to prefer Fe2+ when expressed under anaerobic
conditions. This might be the case for the CA_D enzyme as it was isolated from the deep
anoxic brine pools.
Following this pathway should result in a high-level overview of the activity properties of
the halophilic γ - carbonic anhydrase from the Red Sea brine pool Discovery Deep. Further,
these findings should broaden up the understanding of the basics of re-engineering such a
metal-dependent catalyst.
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Chapter 2. Materials and methods
2.1. Chemicals, commercial enzymes, DNA and general procedures
Chemicals were purchased as analytical grade from Sigma-Aldrich (St. Louis, MO,
USA), unless stated otherwise and were stored according to the supplier’s instructions.
Restriction enzymes NedI and BamHI-HF®, and Q5® High-Fidelity DNA Polymerase
were purchased from New England Biolabs (Beverly, MA, USA). The T4 ligase was
purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Water used was desalted and purified using a milli-Q® (Merck, Darmstadt, Germany)
system. All critical solutions were sterilized either via autoclaving for 25 min at 120 °C,
or via filtration through a 0.2 μm membrane from Millipore (Merck EMD, Darmstadt,
Germany). Surfaces and objects which could not be autoclaved, were sterilized with 70

% (v/v) 2-propanol or ethanol and by flaming. Solutions were degassed by vacuum (200
mbar) while stirring for over 30 min. Microbial work was done under sterile conditions.
Experiments were performed at room temperature if not mentioned otherwise. Media,
plates and transformation solutions were stored at 4 °C. Purified protein was kept at 4 °C
or below for short time storage, if not mentioned otherwise. For long-term storage, the
protein solution was shock-frozen in liquid nitrogen and stored afterwards at -80 °C. For
thawing, the protein was kept at room temperature until it reached 4 °C.
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2.2. Microorganisms
For long time storage, frozen stocks of microorganisms were prepared by flash freezing in
25 % (v/v) glycerol using liquid nitrogen and storing them at -80 °C. For short time storage,
microorganisms were kept at 4 °C. The microorganisms used are listed in Table 4.
Escherichia coli (E. coli) One Shot® TOP10 ElectrocompTM cells were purchased from
Invitrogen (Karlsbad, MA, USA) and XL10-Gold ultracompetent cells were provided with
the mutagenesis kit (2.6. Mutants library generation). E. coli strains were cultured,
transformed and stored according to the manufacturer’s instructions.
Halobacterium sp. NRC-1 carbonic anhydrase knockout strain, Halobacterium sp.
SK400/MPK414 ΔicfA was kindly provided by Dr. Stefan Grötzinger (KAUST) and Prof.
Shiladitya DasSarma and Priya DasSarma (University of Maryland, Baltimore).
The corresponding plasmid pRK42 with the carbonic anhydrase gene (CA_D) cloned
inside was provided by Dr. Ram Karan. The gene is flanked by a 5’-NdeI restriction site
(including the start codon), followed by his6-tag and FspAI restriction site and a BamHI
restriction site at the 3’ end. The CA_D was codon-optimized for Halobacterium sp. (strain
NRC-1 / ATCC 700922 / JCM 11081).
Haloferax volcanii strain H1424, knocked out for uracil and thymidine was kindly provided
by Dr. Ram Karan, together with the corresponding vector pTA963.
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Table 4: Microorganisms used in this study
Purpose

Strain

Genotype

Cloning

E. coli One Shot® TOP10

F- mcrA Δ(mrr- hsdRMS-mcrBC)

ElectrocompTM

φ80lacZΔM15 ΔlacΧ74 recA1 araD139
Δ(ara-leu) 7697 galU galK rpsL (Strr)
endA1 nupG

Mutagenesis

E. coli XL10-Gold ultracompetent

TetrΔ(mcrA)183 Δ(mcrCB-hsdSMR-

cells

mrr)173 endA1 supE44 thi-1 recA1
gyrA96 relA1 lac Hte [F´ proAB
lacIqZΔM15
Tn10 (Tetr) Amy Camr]

Enzyme expression

Enzyme expression

Halobacterium sp.

Halobacterium sp. NRC-1

SK400/MPK414 ΔicfA

Δura3, ΔicfA

Haloferax volcanii

ΔpyrE2 ΔhdrB Nph-pitA Δmrr cdc48d-

H1424

Ct

2.3. Plasmids and primers
Halobacterium sp. is transformed with the pRK42 plasmid (Table 5) that harbors an Nterminal his6-tag, a cspD2 promoter and origins of replication for E. coli and
Halobacterium. The plasmid contains genes for ampicillin and mevinolin resistance for
selection in E. coli and Halobacterium, respectively.
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Haloferax system is transformed with the pTA963 plasmid that has an N-terminal his6tag, an L-tryptophan inducible promoter and origins of replication for E. coli and
Haloferax. The plasmid contains genes for ampicillin resistance for selection in E. coli
and provides the knocked-out gene for thymidine selection in Haloferax system.
Table 5: Plasmids used in this study
Name

Purpose

Promoter

Selection

Source

pRK42

Expression of halophilic

Cold shock, cspD2

Mevinolin (Mev

15

enzyme in

promoter (15°C)

HMG-CoA) in

Halobacterium sp.

Halobacterium and
Ampicillin (AmpR) in
E. coli

pTA963

Expression of halophilic

L-tryptophan

Thymidine in

enzyme in Haloferax

inducible promoter

Haloferax and

volcanii H1424

18

Ampicillin (AmpR) in
E. coli

Table 6: Primers used in this study
Name

Function

pRK-KpnI-F

Cloning

verification

(266

nt

upstream from the start codon,

Sequence (5’-3’)

Tm

GCT GGA CTG CCT TTT

57 °C

CTT CG

covering the promoter region)
pRK-BamHI.R

Cloning

verification

(139

downstream of the stop codon)

nt

GTT ACT CCA CCG TCA
TTC AG

53 °C
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RK.CAA_ I46E_Fw

Mutagenesis - replacing the glutamic

CGA TGG TGA TCT TCT

acid with a isoleucine at position 46

CCT CGT CGG CGC GGA

in CA_D

TGA CG

RK.CAA_ I46E_Rv

CGT CAT CCG CGC CGA

82 °C

82 °C

CGA GGA GAA GAT CAC
CAT CG
RK.CAA_ K58Q_Fw

Mutagenesis - replacing the lysine

ATG ACG GCG TTG TCC

with a glutamine at position 58 in

TGG ATG CAG GTG TTC

CA_D

TTG

RK.CAA_ K58Q_Rv

CAA GAA CAC CTG CAT

78 °C

78 °C

CCA GGA CAA CGC CGT
CAT
RK.CAA_ H166N_Fw

Mutagenesis - replacing the histidine

CGA GCT CGG CGT TGG

with an asparagine at position 166 in

TGT CGG CCT G

81 °C

CA_D
RK.CAA_ H166N_Rv

CAG GCC GAC ACC AAC

81 °C

GCC GAG CTC G
AV.CAA_D67E_1

AV.CAA_D67E_2

Mutagenesis - replacing the histidine

CTC GTG GTA GAC CTC

with an asparagine at position 67 in

GGC GGG GTG G

CA_D

CCA CCC CGC CGA GGT

80 °C

80 °C

CTA CCA CGA G
pTA963-NdeI-8His-

Extending the his-tag to his8-tag

ATT GCG CAT ATG CAC

CAA-Fw

(amplification in pTA963)

CAC CAC CAC CAC CAC

82 °C

CAC CAC ATG
pTA963-BamHI-CAA-

Extending the his-tag to his8-tag

CCG CTC TAG AAC TAG

Rw

(amplification in pTA963)

TGG ATC CTT AGG GCT

78 °C

CCT CGA
The text marked in bold indicates the changes inserted by the primers.

2.4. Equipment
Frequently used equipment is listed in Table 7 and other equipment is mentioned in the
text.
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Table 7: Equipment used in this study
Equipment name

Manufacturer

Incubators
Excella E25

New

Brunswick

Eppendorf

(Eppendorf,

Eppendorf

(Eppendorf,

Germany)
Innova 42

New

Brunswick

Germany)
Labnet 311 DS

Labnet (Edison, NJ, USA)

Centrifuges
mini Spin plus

Eppendorf (Eppendorf, Germany)

5430R with F35-6-30 and FA-45-24-11-HS

Eppendorf (Eppendorf, Germany)

Allegra X-15R with SX4750A

Beckmann Coulter (Brea, CA, USA)

Allegra J-26XP with JLA 8.1 and JA 25.50

Beckmann Coulter (Brea, CA, USA)

Freezers
MED Plus [-20 °C]

Liebherr (Bulle, Switzerland)

Ultima II [-80 °C]

Thermo Fisher Scientific (Waltham,
MA, USA)

Spectrophotometer
Ultrospec 10

Biochrom,

Harvard

Bioscience

(Holliston,

Massachusetts, USA)
Scales
Extend ED4202S

Sartorius (Göttingen, Germany)

CPA324S

Sartorius (Göttingen, Germany)

Further equipment
Pipettes: Research® Plus (2.5; 10; 20; 100; 200; 1000;

Eppendorf (Eppendorf, Germany)

5000 μl)
Temperature controlled shaker: thermomixer C

Eppendorf (Eppendorf, Germany)

Shaker: New Brunswick Excella E2 Platform Shaker

Eppendorf (Eppendorf, Germany)

Vortexer: Vortex Mixer

Thermo Fisher Scientific (Waltham, MA, USA)

pH-meter: Lab 870 with Blue Line 15pH ID pH

Schott SI Analytics (Xylem, Rye Brook, NY,

electrode

USA)

Magnetic stirrer: MR Hei Standard with EKT Hei-

Heidolph (Schwabach, Germany)

Con
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Cold room: Automation direct DL06-A controlled

Harris Environmental systems (Andover, MA,

cold room [4 °C]

USA)

2.5. Buffers, media and other solutions
This section describes the media and buffers used for growing and transforming
Halobacterium sp. and Haloferax volcanii organisms, and for protein purification and
storage.
2.5.1. Halobacterium sp. media
Table 8: CM+ media for Halobacterium sp.
Components

Amount (for 1L)

Concentration

NaCl

250 g

4.3 M

MgSO4 (MgSO4 · 7H2O)

9.77 g (20 g)

80 mM

Na3C6H5O7 · 2H2O

3g

10 mM

KCl

2g

27 mM

10 g

1 % (w/v)

Yeast extract (Fluka)

5g

0.5 % (w/v)

Glycerol

5 mL

0.5 % (v/v)

5M NaOH/concentrated HCl

Adjust pH

pH 7.2

Agar (for plates only)

20 g

2 % (w/v)

ddH2O

fill to 1 L

After all salts are dissolved
Neutralized Bacteriological Peptone (Oxoid LTD,
Basingstoke, Hampshire, England)

Autoclave
Trace metals (when temp. < 60 °C)
Selection

100 μL solution

(Table 9)
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Mevinolin (when temp < 60 °C)

1 mL of 20 mg/mL

20 μg/mL

stock (in ethanol)

Table 9: Trace metals solution
Components

Amount (for 100 mL)

Concentration

ZnSO4 · 7H2O

660 mg

23 mM

MnSO4 · H2O

170 mg

10 mM

Fe(NH4)2SO4 · 6H2O

390 mg

10 mM

CuSO4 · 5H2O

75 mg

3 mM

milliQ-H2O

to 100 mL

Filter sterilization

2.5.2. Halobacterium sp. transformation solution
Table 10: Spheroplasting solution
Components

Amount/ L

Concentration

NaCl

116.88 g

2M

Tris (pH 8.75)

50 mL of 1 M stock

50 mM

KCl

2g

27 mM

Sucrose

150 g

15 % (w/v)

milliQ-H2O

to 1 L

Autoclave

Table 11: Spheroplasting dilution media
Components

Amount/L

Concentration

NaCl

250 g

4.3 M
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MgSO4

9.77 g

80 mM

CaCl2

0.21 g

1.4 mM

KCl

2g

27 mM

Na-Citrate

2.84 g

10 mM

Tris (pH 7.4)

50 mL/L of 1 M stock

50 mM

Sucrose

150 g

15 % (w/v)

Peptone (bacterial, neutralized, Oxoid

10 g

1 % (w/v)

LTD, Basingstoke, England)
milliQ-H2O

to 1 L

Autoclave

2.5.3. Haloferax volcanii media
Table 12: Hv-YPC media for Haloferax volcanii
Components

Amount

Concentration

NaCl

144 g

2.45 M

200 g

3.4 M

250 g

4.3 M

MgCl2 (MgCl2 · 6H2O)

8.43 g (18 g)

88 mM

KCl

4.2 g

56 mM

Yeast Extract

5g

0.5 % (w/v)

Peptone

1g

0.1 % (w/v)

Casamino Acids

1g

0.1 % (w/v)

For Plates: Agar

20 g

2 % (w/v)

dH2O

Bring to 0.9 L

Autoclave and after cooling down (< 60 °C) add:
MgSO4

85 mL of 1M stock

85 mM
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CaCl2 · 6H2O

6 mL of 0.5M stock

3 mM

Tris pH 7.5

12 mL of 1M stock

12 mM

Trace metal

0.5 mL of 2000x stock

1x

Stock solutions preparation (for one liter)
MgSO4 (MgSO4 · 7H2O)

120.37 g (246.47 g)

1M

CaCl2 · 6H2O

109.54 g

0.5 M

Tris - adjust pH to 7.5

121.14 g

1M

Table 13: Trace elements for Hv-YPC media
Components

Amount for 100 mL

Concentration

FeSO4 · 7H2O

460 mg

16.5 mM

ZnSO4 · 7H2O

88 mg

3 mM

MnCl2 · 4H2O

72 mg

3.6 mM

CuCl2 · 2H2O

10 mg

0.6 mM

CoCl2 · 6H2O

200 mg

8.4 mM

dH2O

bring to 100 mL

Add a few drops of concentrated HCl to help dissolving and then filter sterilize and store at room
temperature. Add 0.5 mL/L of culture.

2.5.4. Haloferax volcanii transformation solutions
Table 14: Transformation solutions for Haloferax volcanii
Components

Amount

Concentration

NaCl

5.84 g

1M

KCl

0.20 g

27 mM

1M Tris pH 8.5

5 mL

50 mM

[A] Buffered Spheroplasting solution
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Sucrose

15 g

dH2O

fill to 100 mL

15 % (w/v)

[B] Unbuffered spheroplasting solution
NaCl

5.84 g

1M

KCl

0.20 g

27 mM

Sucrose

15 g

15 % (w/v)

dH2O

fill to 100 mL

Adjust pH to 7.5

≈10 µL 1M NaOH

[C] Spheroplast dilution solution
30 % (w/v) SW (sea water)

76.7 mL

23 % (w/v)

Sucrose

15 g

15 % (w/v)

0.5 M CaCl2

750 µL

3.75 mM

dH2O

fill to 100 mL

[D] Regeneration solution
30 % (w/v) SW (sea water)

60 mL

18 % (w/v)

10x YPC

10 mL

1x

Sucrose

15 g

15 % (w/v)

0.5 M CaCl2

600 µL

3 mM

dH2O

fill to 100 mL

[E] Transformant dilution solution
30 % (w/v) SW (sea water)

60 mL

18 % (w/v)

Sucrose

15 g

15 % (w/v)

0.5 M CaCl2

600 µL

3 mM

dH2O

fill to 100 mL

All solutions were filter sterilized
Stock solutions (for one liter unless mentioned otherwise)
Tris base - adjust pH to 8.5

121.14 g

1M
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30 % SW
dH2O (warm)

0.80 L

NaCl

240 g

4.1 M

MgCl2 (MgCl2 · 6H2O)

14.05 g (30 g)

0.15 M

MgSO4 (MgSO4 · 7H2O)

17.09 g (35 g)

0.14M

KCl

7g

94 mM

1M Tris base pH 7.5

20 mL

20 mM

Tris adjust pH to 7.5

121.14 g

1M

CaCl2 · 6H2O

109.54 g

0.5 M

10x YPC (for 50 mL) – do not filter but used the same day
dH2O

10 mL

Yeast Extract

2.50 g

5%

Peptone

0.50 g

1%

Casamino Acids

0.50 g

1%

pH to 7.5 with

1M KOH

0.64 mL

dH2O

bring to 50 mL

1M KOH (for 100 mL)

5.61 g

H2O to 100 mL

2.5.5. Buffers for protein purification and storage
Table 15: Binding buffer, lysis buffer and elution buffer
Components

Amount

Concentration

NaCl

116.9 g

2M

HEPES

4.8 g

20 mM

Imidazole

1.36 g

20 mM

0.68 g for lysis buffer

10 mM

Binding buffer (and lysis buffer)
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Glycerol

100 mL

10 % (v/v)

ZnSO4 · 7H2O

1 mL of 10 mM stock solution

10 μM

144 mg for lysis buffer

0.5 mM

1 M NaOH to pH 7.4
milliQ-H2O

bring to 1 L

Elution buffer
NaCl

116.9 g

2M

HEPES

4.8 g

20 mM

Imidazole

34 g

500 mM

Glycerol

100 mL

10 % (v/v)

ZnSO4 · 7H2O

1 mL of 10 mM stock solution

10 μM

1 M NaOH to pH 7.4
milliQ-H2O

bring to 1 L

Filter and degas both buffers
ZnSO4 · 7H2O stock

288 mg for 100 mL

10 mM

For storage at -20 °C or -80 °C, the imidazole was removed by dialysis and 20 % (v/v)
glycerol was added to the protein sample.

2.6. Mutants library generation
Mutants were generated by mutagenesis PCR using the QuikChange Lightning SiteDirected Mutagenesis Kit (Agilent, Santa Clara, California, United States) with the
designed mutagenesis primers (Table 6) and following the protocol of the supplier.
Selection of the clones was done on LB agar ampicillin plates, and the clones were
confirmed by sequencing.
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Confirmed constructs were propagated in E. coli cells as higher amounts of DNA are
required for transformation in Haloarchaea. The DNA plasmid was isolated using the
peqGold plasmid Miniprep Kit I and II (peQlab, Erlangen, Germany) according to the
manufacturer’s instructions.

2.7. Handling of Halobacterium sp.
All work was performed under sterile conditions even though the high salt media and
buffers prevent the growth of contaminants. Halobacterium strains were grown in CM+
medium (Table 8) at 42 °C and 220 rpm shaking if not indicated differently. Growth was
analyzed spectrophotometrically at 600 nm. Plates were stored in a dark location and at 4
°C for up to six months without antibiotics and for up to three months with mevinolin or
lovastatin addition. Liquid cell cultures or colonies on plates were stored at room
temperature for up to one month. For long time storage cryo-stocks were used by growing
the cells to the logarithmic phase, spinning the cells down at 4,500 xg for 10 min and
resuspending them in 1 mL of 25 % (v/v) glycerol CM+ medium, followed by shock
freezing in liquid nitrogen and storage at -80 °C.
2.7.1. Transformation of Halobacterium sp.
Halobacterium sp. cells were transformed with the PEG -EDTA method16, 51, 53. The cells
were grown in CM+ media (Table 8) and the transformation solutions are described in Table
10 and Table 11.
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2.7.2. Confirming the transformants in Halobacterium sp.
After transformation, colonies were picked from the CM+ plates with mevinolin and were
grown in 5 mL of CM+ media until late log phase. A small amount of this single colony
cultures were transferred to microcentrifuge tubes (e.g., 100 μL) and spun down. The pellet
was resuspended in the same volume of water, in this example 100 μL, that causes cell
lysis due to osmotic shock, and incubated for 10 min at 70 °C. Part of the lysed material
was used as template for PCR amplification with Q5 High-Fidelity DNA polymerase using
the GC enhancer buffer to confirm the presence of the transformed gene. The rest of the
lysate was run on an SDS-PAGE protein gel (precast Novex 4-20 % Tris-Glycine Mini
Gels WedgeWell format, Thermo Fisher Scientific) in order to confirm the expression of
the desired protein, as the expression is leaky in this system and it occurs as the cells grow.
The desired protein band was confirmed by staining the His-tag of the expressed protein
with the InVision His-Tag In-Gel Stain (Thermo Fisher Scientific) following the
instructions of the manufacturer. Once a clone is confirmed, a cryo-stock from the grown
culture was made. For each construct, multiple positive clones were kept as it was observed
that some of the clones sometimes stopped growing or stopped expressing.
2.7.3. Gene-expression and cell disruption
A starting culture was grown from the cryo-stock, by inoculating in 4-5 mL of CM+ media
with 20 μg/mL mevinolin (Mev) and grown under light for 4-5 days at 42 °C, shaking at
180-220 rpm to ensure aeration. Once red-pink color was observed, they were grown for
another day. About 1 mL/50 mL of media of starting culture was used to grow an overnight
culture to OD600 of 0.9-1.0 in CM+ media with Mev 20 μg/L. Approximately 20 mL of the
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overnight culture were needed to inoculate one liter of media. The overnight culture can be
started from an older culture, as the cells are usually viable for a long time when stored in
liquid culture at 4 °C. The overnight culture was used to inoculate the fresh media, and the
large culture was grown to late log phase (OD600 of 0.9–1.0) at 42 °C in CM+ media
supplemented with 20 μg/mL Mev and the enzyme production was induced by incubating
the cells at 15 °C for 72 h while shacking. The induction time can be reduced to two days
as most of the expression takes place during the growth phase at 42 °C.
Cells were harvested by centrifugation (6,000 × g at 4 °C for at least 20 minutes). Note:
Washing the cells for storage and later processing should be done carefully as the cells tend
to lyse. Leave some of the media in the centrifuge flask and use it to resuspend and transfer
to 50 mL tubes for pelleting. Otherwise prepare a resuspension buffer of 4.3 M NaCl and
80 mM MgSO4, as Mg ions are important to keep the membrane intact. After pelleting,
flash freeze in liquid nitrogen and store in -80 °C.
The cells are disrupted in lysis buffer (Table 15) with added protease inhibitors (Pierce™
Protease Inhibitor Tablets EDTA-free, Thermo Fisher Scientific, Waltham, USA) and
DNase using a Q500 sonication system (QSONICA, Newtown, CT, USA) with a 1.9 cm
probe (Thermo Scientific, Waltham, USA) at 40 % amplitude, 3 seconds on : 6 seconds off
for 1 hour. Note: if the cells are disrupted, there is a change in color from red-pink to darker
red. If the cells were previously frozen, it is very difficult to disrupt them as they form a
gluey mass. Thaw the cells in the lysis buffer and sonicate directly in the tube where they
were stored as they are hard to transfer-the cells stick to the walls of the tube. Cell debris
was removed by centrifugation (23,000 × g, 4 °C, 45 min) and the resulted crude extract
was filtered through a Nalgene membrane filter (pore size 0.2 μm). Note: if centrifuged for
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longer, filtering might not be necessary; the pellet is rather jelly and unstable, so remove
the supernatant slowly. When dealing with a concentrated lysate, the filter membrane tends
to clog, so a second high-speed centrifugation is preferred.
2.7.4. Protein purification
The desired proteins bare a His-tag, therefore they were separated by immobilized metal
affinity chromatography (IMAC) on Ni2+ column by the following procedure. The
supernatant was loaded at a flow rate of 1.0 – 2.0 mL/min onto a 5 mL HisTrap Ni2+
chelating column (GE Healthcare Life Sciences, Piscataway, NJ) pre-equilibrated with
binding buffer (Table 15), using an ÄKTA prime plus system (GE Healthcare, Little
Chalfont, UK). The column was washed with binding buffer, and then with 5 % elution
buffer (Table 15) and the protein was eluted by running a gradient to 50 % elution buffer
by an increase of 1 %/min of elution buffer on an Akta Prime system. The purified fractions
(2-3 mL each) were combined and dialyzed against 3M NaCl, 20 mM HEPES, 10 % (v/v)
glycerol 10 μM ZnSO4 ·7H2O of pH 7.4 and concentrated with Amicon® Ultra-4
Centrifugal Filter Units, 10 kDa cut-off.

2.8. Handling of Haloferax volcanii
The system requires a similar manipulation as Halobacterium sp.. Haloferax cells were
grown in Hv-YPC medium (Table 12) at 45 °C and 220 rpm shaking if not indicated
differently.
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2.8.1. Transformation of Haloferax volcanii
The Haloferax volcanii cells are transformed by the same method as Halobacterium sp.
(see section 2.7.1. Transformation of Halobacterium sp.). All transformation steps take
place at room temperature, and the transformation solutions are described in Table 14.
Once colonies are observed, the clones can be confirmed by PCR in a similar fashion as
for Halobacterium sp. (section 2.7.2. Confirming the transformants in Halobacterium sp.).
The cell culture for transformation was grown with Thymidine (Table 12). When starting
from the plate, 3 to 4 colonies were inoculated in 10 mL media and grown to mid-log phase
at 220 rpm and 45 °C for up to 1-2 days. One mL of this culture was transferred into 50
mL of Hv-YPC media (50 fold dilution) and grown to OD600 of 0.8-1.0, for up to one day.
2.8.2. Gene-expression, cell disruption and protein purification
A starting culture was grown from the cryo-stock by inoculating in 4-5 mL of Hv-YPC
media and grown for about one day at 45 °C, shaking at 180-220 rpm to ensure aeration.
About 1mL/50 mL of media of starting culture was used to grow an overnight culture to
OD600 of ≈1.0 in Hv-YPC media. Note that approximately 20 mL of culture are needed to
inoculate one liter of media. The overnight culture can be started from an older culture, as
the cells are usually viable for a longer time when stored in liquid culture at 4 °C. The
overnight culture was used to inoculate the fresh media. Media should occupy no more
than a third of the volume of the flask. The induction is started once the culture reaches the
OD of 0.4 – 0.6 with 6 mM L tryptophan (L-Trp) for 16 hours, followed by a second
induction with 3 mM L-Trp for 4 hours to reach 9 mM L-Trp. The tryptophan is prepared
as 25 mM stock solution in SW (sea water) of desired concentration depending on the
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amount of salt in the media (Table 12), by diluting the stock solution of 30 % SW (Table
14).
After induction, cells were harvested by centrifugation (6,000 × g, 4 °C for minimum 20
minutes) and flash freezed in liquid nitrogen to be stored in -80 °C, if not processed
immediately. Note: As the pellet is quite unstable, slowly remove the supernatant, leave
some of it in the centrifuge flask and use it to resuspend and transfer to 50 mL tubes for
pelleting. Otherwise, prepare a resuspension buffer of similar composition as the media
from SW 30 % stock solution by diluting with water.
Purification of proteins in Haloferax volcanii follows the same protocol described for
Halobacterium sp. (refer to section 2.7.4. Protein purification).

2.9. Protein concentration measurements
Protein concentration was determined using NanoDrop™ 2000c Spectrophotometer
(Thermo Fisher Scientific) by measuring the absorption at 280 nm with a calculated
absorption coefficient (Protparam software). When more precise quantification was
required, such as for activity measurements, due to the presence of other impurities in the
protein sample, the total protein content was determined using Pierce 660 nm Protein Assay
Reagent (Thermo Fisher Scientific). A BSA standard curve was generated in the
appropriate buffer. A known amount of protein stock was dialyzed against the same buffer
and the total protein content was determined based on the BSA standard curve. The fraction
of the desired protein in the sample was determined by processing the protein gel picture
in ImageJ.
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2.10. Activity measurements
The purified enzymes were assayed for carbonic anhydrase activity by stopped-flow
spectroscopy (SX20 Stopped Flow Spectrometer, Applied Photophysics, Surrey, UK)
using the changing pH-indicator assay39, 54. The activity was determined in MOPS buffered
system with Phenol Red indicator, by monitoring the absorbance at 557 nm55.The
experiments were performed in 3 M KCl and 20 mM MOPS at pH 9.8 and at 40 °C, unless
mentioned otherwise.
2.10.1. Negative controls
As the purified protein samples show a high amount of impurities, especially for samples
purified from Halobacterium sp., appropriate negative controls were prepared and tested
for carbonic anhydrase activity. Untransformed Halobacterium sp. and Haloferax
volcanii cells were grown, lysed and ran on a Ni-NTA affinity column. The activity of
this fraction and of the crude lysate was measured.
2.10.2. Procedure
Before the activity measurements, the protein sample was dialyzed against reaction
solution A (Table 16). The instrument is first started to allow the lamp to warm up and the
water bath to reach the desired temperature. While saturating the 3 M KCl solution by
bubbling CO2 (solution B), the Phenol Red stock solution was prepared (Table 16).
Table 16: Activity assay solutions
Components

Amount

Concentration

111.8 g

3M

Solution A – for 0.5 L
KCl
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MOPS

4.18 g

20 mM

111.8 g

3M

Adjust pH to 9.8. Filter and degas.
Solution B – for 0.5 L
KCl
Filter and degas.
Before measurements: CO2(g)

bubble for 15 – 30 min

Phenol Red stock solution 30x – 1mL needed for one set of measurements
Phenol Red

1 mg/mL

30 x

Dissolve in solution A

Table 17: Samples required for the assay
Solution

Purpose

Solution A

Blank

Solution A with Phenol Red

Background reaction

Solution A with Phenol Red and enzyme

Positive control

Solution A with Phenol Red and enzyme

Experimental

Solution B

Substrate

For measuring up to three samples, 30 mL of Solution A with Phenol Red was prepared in
a 50 mL falcon tube by diluting the Phenol red stock solution accordingly. Out of this, 610 mL of Solution A with Phenol Red were transferred into a 15 mL falcon tube, and the
enzyme for positive control was added to a final concentration of 3 μM or less. In this
study, an α – carbonic anhydrase was used from bovine erythrocyte (Sigma Aldrich) at 3
μM final concentration. The enzyme samples for measurements were prepared the same
way with the final concentration in the same range as the positive control or higher.
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One syringe was loaded with the substrate (with solution B) and the other one with Solution
A without Phenol Red. This combination was used to blank the instrument (Table 17). The
syringe with solution A is replaced for solution A with Phenol Red and a spectrum of this
reaction was acquired.
The concentration of CO2 was adjusted until the background reaction took at least 10
seconds to reach the base line. If the base line is reached very fast, it is an indication of
high levels of CO2 in Solution B. Once the background reaction was is in the desired range,
the positive control was added and measured followed by the enzyme samples. The system
should be carefully flushed to avoid contamination, especially after the positive control. A
set time was allowed for each solution to reach thermal equilibrium with the system.
2.10.3. Data processing
The data were fitted to an exponential decay mathematical model (Equation 1):
Y = Y0× e-kx +Plateau (1)
The first derivative (Y' ) was determined (Equation 2):
Y' =-k Y0× e-kx (2)
The time (x) to reach the plateau was considered when the change in absorbance over time
(Y' ) was less than 0.001 (Equation 3):

x=

- ln (Y' ⁄Y0 ×k)
k

(3)

A t-Test was performed to assess the statistical relevance between the model and the
experimental data.
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2.11. Gel filtration chromatography
A Superdex® 200 10/300 GL column was equilibrated with 2 M NaCl, 10 % (v/v) glycerol
in 20 mM HEPES buffer of pH 7.4. The protein samples were loaded and eluted at a flow
rate of 0.5 mL/min. The elution profile was obtained by monitoring the absorbance at 280
nm. The peak fractions were collected and concentrated using Amicon® Ultra-4 Centrifugal
Filter Units, 10 kDa cut-off. The fractions were loaded on an SDS-PAGE gel and tested by
In-gel his-staining for the presence of the desired protein.

2.12. Metal exchange
The metal was exchanged by dialyzing the enzymes in buffer (2 M NaCl, 20 mM HEPES,
10 % glycerol, pH 7.4) with 10 mM EDTA to remove the previously bound zinc and then
by dialyzing against buffer to remove the EDTA. After this, the enzyme is reconstituted by
dialysis in assay buffer A (Table 16) supplemented with 200 μM FeSO4, CuCl2, CoCl2,
MnSO4 and ZnSO4 salts, and measuring the activity. As controls, the initial activity of the
enzymes was assayed, the activity of the enzymes after dialysis with EDTA and of the
enzyme reconstituted with zinc. For the FeSO4 solution, 10 mM DTT was added to keep
the iron in the reduced state.
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Chapter 3. Results and discussion
This chapter is divided into four main sections; the first focused on explaining the
reasoning behind the mutant library ( 3.1. Mutant library rationalization), the next two
sections dedicated to the expression results obtained in each of the expression systems,
Halobacterium sp. (3.2. Expression in Halobacterium sp.) and Haloferax volcanii (3.3.
Expression in Haloferax volcanii), and the last section discusses the results obtained for all
the activity assays (3.4. Activity measurements).

3.1. Mutant library rationalization
Cam is the best-characterized γ-carbonic anhydrase from a biochemical, physiological and
structural point of view37, 39-40. The high-resolution crystal structure of Cam together with
the high similarity in the active site with the well-studied HCAII, helped to propose a
reaction mechanism and identifying key residues for the activity40, 42. The importance of
these residues, previously observed to be highly conserved among the γ-class, was
confirmed by an extensive mutagenesis study37.
We investigated the active site of CA_D via structural alignments with the Cam crystal
structure (PDB: 1QRG). Table 18 lists the residues that were investigated in Cam, aligned
with those of CA_D. Most of them were conserved, except for the highlighted positions
46, 58, and 166 in CA_D.
Figure 9 shows a comparison of the active site of CA_D, CA_D* and Cam. A good
correspondence can be observed between the I46 residue in CA_D and E62 of Cam, which
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was previously reported to be important in the CO2 hydration step, but also in product
removal and proton transfer to E8442.
Table 18: Rationalization of mutants: the residues in bold were modified based on the alignment with Cam
showed in the first row

Constructs

Residues

1QRG (Cam)

R59

E62

Q75

E84

N202

H81

H117

H122

CA_D / wt

R43

I46

K58

D67

H166

H64

H89

H94

CA_D*

R43

E46

Q58

D67

N166

H64

H89

H94

CA_D I46E

R43

E46

K58

D67

H166

H64

H89

H94

CA-D K58Q

R43

I46

Q58

D67

H166

H64

H89

H94

CA-D H166N

R43

I46

K58

D67

N166

H64

H89

H94

CA-D I46E-K58Q (EQ)

R43

E46

Q58

D67

H166

H64

H89

H94

CA-D K58Q-H166N (QN)

R43

I46

Q58

D67

N166

H64

H89

H94

CA-D I46E-H166N (EN)

R43

E46

K58

D67

N166

H64

H89

H94

CA_D*-D67E

R43

E46

Q58

D67

N166

H64

H89

H94

Figure 9: Comparison of the active site of the CA_D, CA_D* and Cam
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The correspondents of the K58 and H166 residues of CA_D in Cam are Q75 and N202,
which were proposed to be involved in orienting the substrate. In the proposed reaction
mechanism (Figure 4) Q75 seems to be forming a hydrogen bond with the catalytic water
and N202 is interacting with the product.
In our initial work, we showed that CA_D* displayed a 25-fold activity increase when
these positions 46, 58, and 166 were mutated according to the alignment showed in Table
18. This raised the question of whether all three mutations are necessary for the observed
activity increase. Therefore the library of single and double mutants listed in Table 18 was
created to give insights in the contribution of each of these residues in the activity of
CA_D*.
The strict conservation of the E84 position is a matter of debate, as the CamH subclass has
lost this residue37 and the mutagenesis study showed good activity for the D84 and H84
substituted Cam mutants41. The presence of a D residue instead of E could be explained by
the different abundance of aspartic and glutamic acid in thermophilic proteins, compared
to mesophilic proteins56. Nevertheless, a small study on this residue is performed in order
to determine the importance of this position and discussed in section 3.2.6. Investigating a
quadruple mutant.

3.2. Expression in Halobacterium sp.
Most of the work presented was performed in Halobacterium sp., which was the originally
selected system for expressing the enzyme.
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3.2.1. Mutagenesis study
The library of mutants (Table 18) was generated by mutagenesis PCR on the pRK plasmid
containing the CA_D gene, by cloning in E. coli and confirming the constructs by
sequencing. The plasmid DNA was successfully transformed in Halobacterium sp. NRC1 cells. Colonies were selected and tested for the incorporation of the plasmid by PCR and
expression (Figure 10) of the transformed gene. The successful transformants were stored
in -80 °C in culture.

Figure 10: SDS-PAGE of selected transformants from Halobacterium sp. (left side Coomassie stain, right
side in gel His stain): M–protein ladder, C–control for His staining, 3M–CA_D triple mutant, EQ–CA_D
double mutant I46E-K58Q, EN–CA_D double mutant I46E-H166N, QN–CA_D double mutant K58QH166N
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3.2.2. Test expression and purification
The expression of the single mutants was tested in 2 L of culture media CM+ with 20 mg/L
Mev grown at 42 °C and induced at 15 °C, as described in Chapter 2. Materials and
methods. Both mutants I46E and H166N showed good expression as seen in the SDSPAGE gel (Figure 11) of the purified fractions on Ni-NTA affinity column.

(a)

(b)

Figure 11: SDS-PAGE gel of test expression of single mutants showing purified fractions: (a) I46E
(Coomassie staining - left side, His staining - right side), (b) H166N. M–protein ladder, C–control for His
staining, FT–flow-through

When trying to express K58Q mutant, the culture from the cryo-stock had slow growth,
and no expression was observed, even though the initially selected colonies were positive.
Therefore, we tested all the different clones for growth and expression, and we performed
another round of selection of transformants for K58Q and the I46E-K58Q double mutant
(Figure 12) as it was not growing well and seemingly not expressing. Halobacterium sp.
system is known to be genetically unstable, having many insertional elements that can
disrupt the promoter region or the open the reading frame and interfere with the
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expression16. For this reason, multiple positive transformants were kept for each of the
constructs, to enable sufficient expression over the project time.

(a)

(b)

Figure 12: Selection of transformants for K58Q and K58Q–H166N constructs: (a) PCR amplification of
clones to confirm the transformation: L-DNA ladder, C-negative control, P-positive control (plasmid); (b)
SDS-PAGE showing expression of the CA_D mutants

We then proceeded to express the triple mutant (CA_D*). The large-scale expression
showed high impurity fractions and low amount of desired protein relative to impurities
(Figure 13). The highly abundant impurity (highest molecular weight) observed in all
purified construct was previously reported to be vgn2021, a native Halobacterium sp.
protein rich in histidyl residues that tends to stick to the Ni-NTA column51.
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(a)

(b)

Figure 13: (a) SDS-PAGE gel of expression of CA_D triple mutant (CA_D*) showing the purified fractions:
M–protein ladder, FT–flow-through; (b) The purified CA_D* after combining the fractions loaded in three
different amounts for processing in ImageJ: 2.55 % of total protein is CA_D*

Figure 14: Elution profile for CA_D purification: blue line – A280, orange line – elution gradient

Figure 14 shows a typical elution profile for CA_D purification. After the supernatant was
passed through the column, washing is performed with 5 % B before eluting at a rate of 1
%/min gradient of B to 50 % B. Extending and refining the elution gradients did not help
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to separate the impurity. We assumed that by extending the gradient our protein was
washed out from the column.
3.2.3. Optimization of expression conditions
As a large amount of enzyme is required to study the impact of the reaction conditions on
the activity of CA_D*, we decided to optimize the expression of the WT and mutants.
Speaking so, we tried different reaction conditions by varying the CM+ media, with no
yeast extract and no glycerol (CM) and varying the concentration of selection marker
(Mev). Since the expression is leaky and occurs while cells are growing and the weak coldinduced promoter only increases the production of the desired enzyme with at most 15 %
after three days of incubation at 15 °C, we decided to try growing the cells at constant
temperature aiming to get an overall higher amount of protein per culture.
Therefore, we tested both CM+ media and CM at different temperature regimes and with
an increased amount of selection marker for the CA_D* construct. The 12 expression
conditions summarized in Table 19 were tested and the results are shown in Figure 15.

Table 19: Expression condition optimization
Temperature (°C)

Mevinolin concentration
Media
(mg/L)

42 - constant

42 + 15 induction

32 - constant

20

1

5

9

40

2

6

10

20

3

7

11

40

4

8

12

CM+

CM
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Figure 15: SDS-PAGE of CA_D* expression under different conditions: from left to right conditions 1-12
mentioned in Table 19.

As no significant improvement was observed, we continued the expression with the initial
described conditions, number 5. All the mutants and the wild-type were expressed under
the same conditions.
3.2.4. Extending the His-tag
In the next series of experiments, we tried to increase the purity of the protein in the
fractions by extending the his6-tag of the constructs to a his8-tag. The genes for the wildtype CA_D and the triple mutant were amplified from the pRK plasmid with the
corresponding primer bearing an overhang (2.3. Plasmids and primers). The PCR products
were digested with NdeI and BamHI restriction enzymes and ligated in the same plasmid.
Cloning was done in E. coli and the constructs were confirmed by sequencing. The
transformants were confirmed in the same manner as described in section 2.7.2.
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Confirming the transformants in Halobacterium sp.. The expression of the newly generated
constructs revealed similar expression levels and purification pattern as in the previous
case (Figure 16).

(a)

(b)

Figure 16: SDS-PAGE of selection of transformants for CA_D and CA_D* with his8-tag and test expression
of CA_D*. (a) Selection of transformants (left side Coomassie stain, right side his stain): 8His-3M–CA-D*,
8His-WT–CA_D. (b) Expression of his8-tagged CA_D*. The * in the picture indicates the fractions that were
combined to generate the Purified image on the right.
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We believe that as the expression of our construct is low relative to the impurity, the
column gets saturated with the impurity, other nonspecifically bound proteins and
pigments. In this case, the extended tag makes no significant difference in affinity and
might overall further decrease the level of expression of our protein, therefore we continued
with the original his6-tag.
3.2.5. Expression and purification outcome
All the quantifications were performed with the procedure described in section 2.9. Protein
concentration measurements. By doing so, we obtained 2.55 % of the total purified protein
to be CA-D* (Figure 13) and the overall yield for the CA_D* of 70 μg/L of desired protein
when expressed in the Halobacterium sp. system. The yield is too low for a study on the
impact of the reaction conditions on the activity of CA_D but sufficient enough for
performing single activity assays.

Figure 17: SDS-PAGE gel of single and double mutants expressed in Halobacterium sp.: EQ (I46E-K58Q),
QN (K58Q-H166N), EN (I46E-H166N)
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We tested the activity of the enzyme with the appropriate controls, and we confirmed the
activity observed by Dr. Malvina Vogler (Figure 8.b). We then proceeded to express all
the mutants to be tested for activity. The mutants showed different levels of expression
(Figure 17), another reflection of the instability of the system. All mutants and WT were
expressed, purified and measured. The activity results are discussed in section 3.4. Activity
measurements.
3.2.6. Investigating a quadruple mutant
The E84 residue in Cam was reported to be acting as a proton shuttle residue (PSR) in the
regeneration of the active site (Figure 4) by accepting an H+ form the water-bound to Zn2+,
possibly through the Glu 62 residue. A study in Cam investigated whether the PSR
exchanges the accepted proton directly with the buffer or if it transfers it to the buffer via
a glutamate network41. The glutamate network involves the four E residues E62, E84, E88
and E89 displayed on the acidic loop (Figure 18). In the case of E88 and E89 residues, the
study concluded that they seem to be less important for the enzyme function, but it did not
rule out their contribution to the proton transfer pathway41.

Cam (1QRG)
Figure 18: Comparison of the acidic loop in Cam and CA_D mutant

CA_D*-D67E
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Nevertheless, we decided to investigate if such a pathway might function in CA_D.
Table 20 shows the residues presumed to be involved in this pathway, aligned with the
corresponding CA_D residues. As it can be observed, except for position 46 of CA_D, all
three other positions kept their acidic nature (Table 20). In the case of position 67 in CA_D,
a D residue is present, instead of E.
Table 20: Sequence alignment of residues investigated for a proton transport pathway
Constructs

Residues

1QRG (Cam)

E62

E84

E88

E89

CA_D / wt

I46

D67

E71

E72

CA_D*

E46

D67

E71

E72

CA_D*-D67E

E46

E67

E71

E72

We decided to mutate the D67 position in CA_D* for an E to create the four glutamate
pathway as it can be seen in Figure 18, similar to the one in Cam
The fourth mutation was inserted by mutagenesis PCR. The mutant was expressed and
purified and the activity was assayed. The results are included in 3.4. Activity
measurements.

3.3. Expression in Haloferax volcanii
We decided to test the suitability of Haloferax volcanii for expressing the CA_D and
mutants, hoping for better yields and an accelerated expression. The biggest advantage of
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this system is that it has an inducible tryptophan promoter that allows better control of the
expression of the gene of interest.
3.3.1. Generating transformants
The CA_D wild-type and all the mutants were transferred in the pTA963 vector for
transformation in Haloferax volcanii, either by restriction cloning or by mutagenesis PCR.
The his8-tag constructs for the wild-type and the triple mutant were also transferred in this
vector. All constructs were confirmed by sequencing. Transformants for wild-type and a
triple mutant with his6- and his8-tag were generated and confirmed by PCR.
3.3.2. Expression and purification
The expression of CA_D* was successfully induced with 9 mM L-trp at 45 °C in HvYPC
media of 2.5 M salt, but high impurity fractions were observed (Figure 19). Some impurity
was expected as in the case of Haloferax volcanii, a chaperon rich in histidine residues is
reported to usually purify in the eluted fractions57. Also, we believe that as the optimal
growth of Haloferax volcanii is at 2.54 M salt, our protein might cause some additional
folding stress on the system as it might prefer higher salt for folding, therefore generating
the observed chaperon impurities.
As Haloferax volcanii can grow in a variable salt concentration16, we tested the expression
of CA_D in different salt concentration from the optimum concentration for Haloferax
volcanii growth of 2.5 M salt to the optimum for the Halobacterium sp. system of 4.3 M
salt. Expression was observed in all three cases (Figure 20).
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(a)

(b)
Figure 19: Expression of CA_D* in Haloferax volcanii. (a) SDS-PAGE in Coomassie stain (left) and His
stain (right) of lysate showing successful induction of the protein expression. (b) SDS-PAGE gel of the
purified fractions: FT-flow-through, *-marks the fraction that was His-stained (right side)
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Figure 20: SDS-PAGE for the expression of CA_D* in Haloferax volcanii under 2.45, 3.4 and 4.3 M salt

The seemingly decreased expression with salinity is a reflection of the slower growth rates
of Haloferax volcanii in higher salt when using the same induction times in all cases. In a
following expression, the induction time was adjusted accordingly to the salt conditions
used.

Figure 21: SDS-PAGE of purification of CA_D* expressed in Haloferax volcanii at 4.3 M salt. The right
side is a His staining of the fractions 1-6
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Consequently, we decided to try the expression at 4.3 M salt as used for the previous
system. Under these conditions, the expression levels were higher and the fractions were
purer when compared to lower salt or Halobacterium system, as seen in Figure 21.
Both CA_D and CA_D* were expressed in Haloferax volcanii in 4.3 M salt. The
concentration of the protein was determined as previously described (2.9. Protein
concentration measurements) and overall, the yield ranged between 0.5-0.9 mg of enzyme
per liter of culture. Thus, we have achieved a higher purity and a higher yield, up to 12
times more compared to Halobacterium sp..
The results obtained strongly indicate that Haloferax volcanii is a better choice for
expressing the CA_D mutant library. The Haloferax expressed enzymes were tested for
activity and the results are included in 3.4. Activity measurements.
3.3.3. Metal substitution
It was previously reported that Cam incorporates Fe2+ when expressed in anaerobic
conditions, and it is more active with iron bound, rather than with zinc58. As CA_D was
isolated from the deep brine pools where oxygen levels are extremely low, and there is a
diversity of divalent ions available2, there is a possibility that this enzyme might function
better with a different metal3
As there are indications in the literature that the metal bound to the trimeric γ-CA cannot
be removed by simple incubation with chelating agents43, we investigated if prolonged
incubation with EDTA can cause visible changes in the UV spectrum of the elution profile
when the protein sample is run on a size exclusion column. Figure 22 shows an overlap of
a protein sample before and after incubation with EDTA. After the incubation with EDTA,
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the peaks initially observed were present, and an additional peak eluted later, seemingly of
lower molecular weight as hypothesized. If EDTA chelates the Zn2+ from the trimeric
CA_D, then the new peak should be the monomeric form.

Figure 22: Size exclusion elution spectrum of CA_D* before (blue line) and after (orange line) incubation
with EDTA. The three peaks observed before the incubation with EDTA were labeled in the order of
elution with I, II and III; after incubation with EDTA, a new peak was observed.

Figure 23: SDS-PAGE of the size exclusion peaks of CA_D* before incubation with EDTA, numbered
according to Figure 14 (right side – His staining)
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Figure 23 shows the SDS-PAGE for the sample before treatment. The His staining
indicates that each of the observed peaks is a species of CA_D.
Preliminary results indicate that EDTA can break the trimer and that the concentration of
EDTA and the dialysis time should be adjusted in the future in order to achieve complete
separation of the monomers.
Therefore, we attempted the metal substitution in CA_D wild-type and triple mutant by
dialyzing the enzymes in buffer with EDTA to remove the previously bound Zn2+ and then
by dialyzing against buffer with 200 μM FeSO4, CuCl2, CoCl2 and MnSO4 salts. The
activity results are summarized in Table 22 and discussed in the next subsection.

3.4. Activity measurements

The activity of the CA_D constructs was measured by stopped-flow spectroscopy. Table
21 summarizes the observed activity for the constructs expressed in Halobacterium sp.. In
general, low activity was observed for the single mutants, and no activity was recorded for
the double mutants. The specific activity observed for the single mutants was lower
compared to CA_D wild-type. Therefore, it is unlikely a consequence of the inserted
mutation. Based on these observations, we can conclude that all three mutations are
required for the observed increase in activity in the case of the triple mutant relative to the
wild-type.
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Table 21: Activity of CA_D constructs purified from Halobacterium sp.
CA_D constructs
WT

Single mutants

Triple
mutant

Double mutants

Activity

CA_D

I46E

K58Q

H166N

I46EK58Q

K58QH166N

I46E H166N

CA-D*

WAU/mg

32.93

0.65

20.21

5.09

-

-

-

566

Quadruple
mutant
CA_D* D67E
583.24

In the case of the quadruple mutant, the activity observed is slightly higher compared to
the triple mutant, but further investigation is required before concluding that this is due to
the new inserted mutation. Nevertheless, the Cam E84D mutant showed only a slight
decrease in activity compared to wild-type Cam. Therefore the measurement of the
quadruple mutant (CA_D*-D67E) might be revealing the same reversed effect, a slight
increase in activity.
The results for the activity assay on CA_D and CA_D* expressed in Haloferax are
summarized in Table 22. The activity of the enzyme expressed in Haloferax was overall
lower than the one measured in Halobacterium sp.. Since the purification process is the
same, we assumed that it might be a problem of the expression system, so we were reluctant
to switch to the Haloferax system. Also, the activity values indicated that CA_D is more
active than the triple mutant, therefore the results are inconclusive.
Nevertheless, we used the Haloferax expressed enzymes to study the impact of different
metals on the activity of CA_D and CA_D* (Table 22).
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Table 22: Metal exchange result for CA_D and CA_D*, showing the measured activity for the enzyme
sample before (No treatment) and after (Apo) EDTA for metal removal, and after reconstitution with the
different metals

Activity (WAU/mg)
No treatment

Apo

Co2+

Cu2+

Fe2+

Mn2+

Zn2+

CA_D

116.76

79.17

-

90.00

121.89

118.62

90.97

CA_D*

44.07

-

3.57

-

32.82

0.62

-

As a control, the initial activity of the enzyme was tested (no treatment), the activity of the
monomeric form (Apo) obtained after the incubation with EDTA and the activity of the
reconstituted enzyme with zinc.
We expect that the Apo sample, which should be monomeric CA_D, to show significantly
reduced activity compared to the original sample, not treated. Also, if the reconstitution of
the monomeric Apo sample with any of the metals is successful, similar or higher specific
activity compared to Apo should be observed, as we assume that the residual activity
observed for Apo is due to trimeric CA_D that was not separated by EDTA. In the case of
CA_D, all the previous observations are confirmed.
In the case of CA_D*, no activity was observed for the reconstitution with Zn2+. This could
be an indication that the metal substitution was not successful. Activity was observed for
the incubation with Fe2+. Overall, the results obtained for the metal exchange assay indicate
that Fe2+ and Mn2+are good candidates for further investigations.
To summarize, the activity results indicate that all three residues are required for the
observed activity of CA_D*, that CA_D* expressed in Haloferax volcanii seemed to be
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less active than when expressed in Halobacterium sp. and that Fe2+ and Mn2+are good
candidates for further investigations on the metal of choice for the enzyme.

3.5 Analytical comparison
This chapter was done in collaboration with Prof. AG Groll at the Technical University of
Munich, Germany.
Purified samples of CA_D triple mutant expressed in Halobacterium sp. and in Haloferax
volcanii at 2.5 M salt, and 4.3 M salt were analyzed by analytical ultracentrifugation
(samples analyzed at Technical University of Munich). The results are shown in Figure 24.
We wanted to investigate if expressing the CA_D enzyme in lower salt (2.5 M) has any
impact on the folding of the enzyme and consequently on the assembly of the monomers.
The profile of the curves for the Haloferax volcanii expressed CA_D indicated that there
is no significant difference between the two salt conditions. The profile of the
Halobacterium sp. expressed protein looks significantly different, probably due to the
quality of the sample. Nevertheless, no conclusion was reached on the state of assembly of
the protein.
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(a)

(b)

Figure 24: (a) Analytical centrifugation results. (b) SDS-PAGE of the protein samples analyzed: 1-X2 –
CA_D expressed in Haloferax in 2.5 M salt; 1-X4 – CA_D expressed in Haloferax in 4.3 M salt; 4-S8 –
CA_D expressed in Halobacterium sp. in 4.3 M salt
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Chapter 4. Conclusion and Perspectives
4.1. Conclusion
We have designed and successfully created a library of mutants of CA_D (single, double,
triple and quadruple mutant). All the mutants were expressed and purified. Expression of
CA_D* in Haloferax volcanii gave better yields and purity than in Halobacterium sp., but
first results indicated that the enzyme was more active when expressed in Halobacterium
sp., for reasons yet to be determined.
Low activity was observed in the case of the single mutants, and the double mutants did
not show activity. This indicated that all three mutations are required for the observed
activity, as predicted by the proposed mechanism for Cam, in which these three residues
play a decisive role. The question that arose was why CA_D shows such reduced activity.
One explanation was that the experimental conditions are not similar enough to the natural
environment of the enzyme, of which we have limited understanding.
A fourth mutation (D67E) was added to the CA_D* mutant, meant to complete a proton
transport pathway that was previously investigated in the Cam enzyme. The added
mutation seemed to slightly increase the activity of the enzyme, indicating that this
pathway might function in CA_D.
Preliminary results on the substitution of Zn2+with other divalent ions (Co2+, Cu2+, Fe2+,
Mn2+) indicated that CA_D could function with other metals, but further investigations are
required to confirm this observation.
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4.2. Outlook
4.2.1. Project Outlook
Our preliminary results indicate that most likely CA_D displays a preference for a different
metal ion in the active site. Thus, this should be investigated further: a first necessary
experiment would be to confirm that the EDTA-based metal exchange setup is successful
in disassembling the trimer by chelating the Zn2+. If the incubation is not successful, a
procedure for denaturing and refolding the protein suitable for the halophilic enzyme
should be developed. Moreover, another suitable approach could be expressing the CA_D
in Haloferax volcanii under anaerobic conditions, and the test if the expressed CA_D holds
Fe2+ by spectral analysis. Both described approaches present different difficulties as
refolding an enzyme can be very challenging and time-consuming; further performing all
the procedure in a strictly controlled, oxygen-free environment to avoid iron oxidation,
might be difficult to achieve.
We would like to investigate the stability of the enzyme in different temperature, salinity
and solvent conditions as this enzyme shows great potential to be used in industrial
applications. The insights given by such a study could be used to further expand the
stability of the enzyme by computational approaches as described in the next section.
4.2.2 Future Perspectives
There is increasing interest in using carbonic anhydrases for industrial applications, such
as synthesis of small organic molecules and biofuels and most important in carbon
capture47. As the carbon capture process usually takes place at high temperature and in
complex solutions, the enzyme should display good stability under the given conditions59.
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Many studies are looking to design carbonic anhydrases capable of surviving such
conditions46. In one study, molecular dynamics simulations are used to understand the
stability of the enzyme and to make a rational design of mutants with increased stability60.
In a different study, a directed evolution approach is used to create a library of mutants, in
order to screen for those showing the desired properties61. The approach was successful,
generating a mutant of a CA from Desulfovibrio vulgaris withstanding temperatures of up
to 107 °C in 4.2 M alkaline amine solvent61.
We believe that applying these approaches to CA_D has great potential in improving its
spectrum of reaction conditions, as CA_D has already some adaptations to cope with the
harsh condition of the deep brine pools.
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APPENDICES
Appendix A. Plasmid maps

Figure 25. Plasmid map of pRK42 containing the CA_D gene, used for transformation in Halobacterium
sp.

Figure 26: Plasmid map of pTA963 containing the CA_D gene, used for expression in Haloferax volcanii
H1424.
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Appendix B. Cloning

Figure 27: Agarose gel of colony-PCR for Halobacterium sp cells transformed with CA_D constructs (WT,
single and double mutants); the PCR products were confirmed by sequencing.

Figure 28: Agarose gel of colony-PCR for Haloferax volcanii cells transformed with CA_D wild-type (WT)
and triple mutant (3M); C - negative control of untransformed cells; P – positive control (plasmid)

Figure 29: Agarose gel of colony-PCR for Halobacterium sp. (left) and Haloferax volcanii (right) cells
transformed with CA_D wild-type (WT) and triple mutant (3M) with his8-tag
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Appendix C. Protein purification

Figure 30: SDS-PAGE of CA_D wild-type purification fractions

Figure 31: SDS-PAGE of CA_D quadruple mutant (I46E-K58Q-D67E-H166N purification fractions
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Appendix D. Activity measurements

Figure 32: Example of absorbance spectra for monitoring the CO2 hydration reaction; the blue line
represents the background reaction and it takes approximately 10 s to reach the plateau. The orange line is
the positive control and it takes less than a second under the same conditions to reach the plateau.
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Figure 33: Controls for the activity assay: (a) SDS-PAGE of untransformed Haloferax volcanii (Hfx) and
Halobacterium sp. (Hsal) cell lysate purified on Ni2+-NTA column; the observed bands are for the native
his rich proteins. (b) The measured reaction time for the background reaction compared to the different
controls: Control – commercial carbonic anhydrase, Negative – purified lysate, Lysate – crude lysate.

