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ABSTRACT 

ENZYMATIC AND STRUCTURAL ANALYSES OF PA5540: A GAMMA-CARBONIC 

ANHYDRASE OF PSEUDOMONAS AERUGINOSA PAO1 

 

Sean Alexander White                Advisor: 

University of Guelph, 2014               Professor M. S. Kimber 

 

 γ-Carbonic anhydrases are a family of enzymes which catalyze the metal-dependent 

reversible hydration of carbon dioxide.  Based on crystal structures obtained in our lab, we propose 

that PA5540 of Pseudomonas aeruginosa PAO1 is a novel member of this class.  This protein is 

strongly upregulated in sputum from the lungs of cystic fibrosis patients, suggesting a possible role 

in pathogenesis. From a biochemical standpoint, PA5540 is intriguing as it is organized in an 

operon whose genes are only expressed when intracellular zinc is low.  This suggests that this 

ortholog may use a metal other than the zinc as its catalytic metal, with iron and cobalt being 

candidates.  A Pseudomonas putida-based expression system was used to overexpress PA5540 and 

the ability of PA5540 to act as a functional carbonic anhydrase was tested using a pH indicator dye-

based spectrophotometric assay. A maximal observed turnover rate of 660 ± 230 s
-1

 was obtained at 

pH 8.3, and a rate of 341± 67 s
-1

 was obtained at pH 7.5.  Due to technical difficulties regarding the 

assay, true kcat and Km values have not yet been determined.  If these values are obtained in the 

future, atomic absorption spectroscopy can be used to determine and quantify the active site metal.  

Currently approved sulfonamide drugs are known to inhibit the well characterized γ-carbonic 

anhydrase, Cam of Methanosarcina thermophila.  By demonstrating the activity of PA5540, this 

research may lead to future methods of combating lung infection, should it be demonstrated that 

PA5540 contributes to pathogenesis.
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1.  Introduction  

1.1.  Background 

Carbonic anhydrases (CA’s) are metalloenzymes which catalyze the reversible reaction 

CO2 + H2O ⇌ HCO3
-
 + H

+
 (Meldrum and Roughton, 1933) with turnover rates (kcat) as high as 

1.4 × 10
6
 s

-1
 (Khalifa, 1971), making them some of the fastest characterized enzymes.  Carbon 

dioxide and bicarbonate are used for a wide variety of biochemical processes, and therefore CA’s 

are found throughout all domains of life.  The role of CA’s in mammals is well understood, 

where they are important for several biosynthetic pathways, acid-base balance, bone resorption, 

calcification, and many processes involving ion, gas and fluid transfer (Chegwidden and Carter, 

2000).  In plants, roles for CA in photosynthesis, CO2 transfer, HCO3
-
 storage, pH regulation, ion 

exchange, and biosynthesis have been established (Tiwari et al., 2005).  CA’s are widespread 

throughout the Bacteria and Archaea domains, and many of them have ancient origins; while it 

has been suggested that γ-CA’s shared a common ancestor approximately 2.2 billion years ago 

(Smith et al., 1999), current knowledge of the residues required for CA activity suggests that 

actual γ-CA’s evolved much more recently than this (Ferry, 2010) .  There are over 60 different 

enzymatically catalyzed reactions in prokaryotes which are known to utilize or produce HCO3
-
 or 

CO2, all of which may benefit from the presence of CA (Smith and Ferry, 2000). 

There are five known evolutionarily independent classes of CA’s: α, β, γ, δ and ε 

(Hewett-Emmett and Tashian, 1996; Tripp et al., 2001; Lane et al., 2005).  The primary sequence 

of these classes share no semblance, and crystal structures, which are available for all but the δ-

class, demonstrates that this dissimilarity extends to the three-dimensional structure as well.  The 

only structural similarities shared among the CA classes are the active sites, all of which contain 
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a divalent metal coordinated by three residues (histidine or cysteine) and at least one water 

molecule.  Crystal structures of representative α-, β- and γ-CA’s are shown in Figure 1.1.  

While several eukaryotic CA’s have been biochemically characterized, only a few of the 

many putative bacterial CA’s have been shown to have CA activity.  In the case of the γ class 

CA’s, an enzymatic function has been demonstrated for only four of them.  These are Cam 

(Alber and Ferry, 1994) and CamH (Zimmerman et al., 2010) from Methanosarcina thermophila 

of the Archaea domain, CcmM from the carboxysome of Thermosynechococcus elongatus of the 

Bacteria domain (Peña et al., 2010), and also PgiCA from Porphyromonas gingivalis (Del Prete 

et al., 2013).   Many closely related proteins initially thought to be γ-CA’s (Smith et al., 1999) 

have been shown to lack CA activity, and are missing Glu62 and Asn202 (Cam numbering) 

(Ferry, 2010, and Kimber Lab data, unpublished).  PA5540 is a putative γ-CA from the 

opportunistic pathogen Pseudomonas aeruginosa PAO1 that has 38% sequence identity to the 

well characterized γ-CA Cam (outlined in section 1.4.5.).  PA5540 is of particular interest as 

microarray analyses have indicated it is greatly upregulated during pathogenesis of the lungs of 

cystic fibrosis (CF) patients (Bielecki, 2009).  This is a population for which respiratory 

problems brought about by such bacterial infections are the leading cause of death (Nixon et al., 

2001; Koch, 2002; Courtney et al., 2007).  If PA5540 is a γ-CA which aids P. aeruginosa in the 

pathogenesis of CF patients, then compounds capable of inhibiting its activity may prove useful 

in treating CF patients infected with P. aeruginosa.  As studies of PA5540 have not been carried 

out beyond the genetic level this review will cover our current understanding of CA’s, with a 

focus on γ-CA’s, the homology of PA5540 with known γ-CA’s, the effects of different catalytic 

metal ions, and known γ-CA inhibitors.  Background pertaining to CF, the means by which  
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Figure 1.1. Representative carbonic anhydrases. (A) Human Carbonic Anhydrase II, an α-

carbonic anhydrase, PDB ID: 2VVB. (B) A β-carbonic anhydrase isolated from Porphyridium 

purpureum, PDB ID: 1DDZ. (C) Cam, a γ-carbonic anhydrase from Methanosarcina 

thermophila, PDB ID: 1QRM. (D) A protomer of Cam.   

C 

A B 

D 
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bacteria control metal incorporation into metalloenzymes, and techniques used in the study of 

CA’s will also be discussed. 

1.2.  Cystic fibrosis 

1.2.1.  Need for improved treatment of cystic fibrosis 

CF is a genetic disease caused by mutations in the CF transmembrane conductance 

regulator gene, which encodes a chloride ion channel involved in the dilution of secreted fluids. 

(Rommens et al., 1989; Rich et al., 1990; Anderson et al., 1991; Welsh and Smith, 1993) .  CF 

primarily causes mucous build-up and blockage of organs, and affects approximately 1 in 3500 

newborns in North America (Cystic Fibrosis Foundation (CFF), 2010).  While most people with 

CF will die at a young age if left untreated, the current median life expectancy with treatment is 

approximately 38 years (CFF, 2010 ).  One of the most prominent symptoms of CF is the build-

up of mucous in the lungs, which can lead to chronic bacterial infections and the subsequent 

destruction of the lung tissue by the autoimmune system (Chmiel et al., 2002; George et al., 

2009).  Cardiorespiratory complications due to infection are the leading cause of death in CF 

patients, with P. aeruginosa being the most problematic bacteria, affecting 80% of adults with 

CF (Chmiel et al., 2002; CFF, 2010 ). Current treatments of P. aeruginosa infection are largely 

based on the administration of multiple antibiotics, however eradication of chronic infection is 

difficult due to biofilm formation, and the acquired and intrinsic drug resistance of P. aeruginosa 

(George et al., 2009).  In order to improve the overall quality of life for CF patients alternative 

strategies to inhibit bacterial growth must be sought out. 



5 

 

1.2.2.  PA5540 upregulation during pathogenesis 

Microarray analysis of P. aeruginosa isolates from the lung sputum of infected CF 

patients has demonstrated a 70-fold increase in the expression levels of PA5540 compared to 

planktonic growth in LB media (Bielecki, 2009). Microarray analyses have also demonstrated 

that PA5540 expression in burn wounds is upregulated 18-fold over planktonic growth controls 

and 16-fold over biofilm growth controls (Bielecki, 2009).  This data suggests PA5540 likely 

plays a role in P. aeruginosa virulence.   

1.3.  Catalyzed reaction of carbonic anhydrases 

The reversible reaction catalyzed by CA is a two step mechanism as follows (Silverman and 

Lindskog, 1988; Lindskog, 1997) where E (enzyme) is the CA, M
2+ 

is the divalent metal, and B 

is the buffer (present in the cytosol in vivo) :  

E – M
2+

 – OH
-
 + CO2 ⇌ E – M

2+
 – HCO3

-
   (1a) 

E – M
2+

 – HCO3
-
 + H2O ⇌ E – M

2+
 – H2O + HCO3

-
 (1b) 

E – M
2+

 – H2O ⇌ H+ – E – M
2+

 – OH
-
   (2a) 

H+ – E – M
2+

 – OH
-
 + B ⇌ E – M

2+
 – OH

-
 + BH+ (2b) 

In equation 1a, the lone pair of electrons on the hydroxide molecule attack the δ+ charged carbon 

atom of the CO2, and the resulting bound HCO3
-
 molecule is displaced by H2O in equation 1b.  

This reaction is significantly faster than the reaction depicted in equation 2 and therefore does 

not determine kcat, however as the substrate binding reaction it does determine the steady state 

parameter KM.  In equation 2a, a proton from H2O is transferred to an intermediate residue on the 
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CA, before being transferred to an external buffer molecule in step 2b.  At a sufficient 

concentration of substrate, the proton transfer (equation 2) is the rate limiting step, and this rate 

is reflected by the steady state parameter kcat.  

1.4.  γ-Class carbonic anhydrases 

1.4.1.  Cam, the archetype γ-carbonic anhydrase  

Although CamH and CcmM have been proven to possess carbonic anhydrase activity, the 

vast majority of research on γ-CA’s has been carried out on Cam from M. thermophila, largely 

due to the work of James B. Ferry and his colleagues.  For these reasons a large portion of the 

information pertaining to γ-CA’s covered in this review will focus on Cam, with the intention of 

applying our current understanding of Cam to studies of PA5540. 

1.4.2.  Structure of Cam 

The structure of the Cam monomer (Figure 1.1d) is characterized by a novel fold formed 

by a left-handed parallel β-helix (LβH) (Kisker et al., 1996).  The helix has seven complete turns, 

with approximately seventeen residues and three short β-strands per turn.  The three β-strands on 

each turn align to form untwisted β-sheets, giving the LβH an equilateral, triangular-prismatic 

shape.  The LβH is primarily composed of the hexapeptide repeat [LIV]-[GAED]-X2 -[STAV]-X 

where X can be any amino acid (Parisi et al., 2000).  The hexapeptide repeat is characterized by 

an aliphatic residue at position i (the first position), a small residue at position i + 4, and typically 

by a glycine at position i + 1.  This repeat is characteristic of the LpxA-like enzyme superfamily, 

which is largely composed of acetyltransferases (Parisi et al., 2000; Fu et al., 2008,).  The 

structure of the LβH is interrupted in three regions.  A portion of the largest of these regions 
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forms a loop structure (residues 83 – 90) containing three glutamates, which is referred to as the 

“acidic loop” (Tripp and Ferry, 2000).  Cam also has two α-helices following the LβH.  A seven 

residue α-helix tops the LβH, and an α-helix of approximately twenty residues is located at the 

N-terminus and runs the entire length of the LβH in an antiparallel orientation.   

In its functional form, Cam is a homotrimer (Figure 1.1c) with an approximate dimension 

of 65 × 65 × 70 Å, with 25% of each protomer surface dedicated to protomer-protomer 

interactions (Kisker et al., 1996).  Residue Arg59, which is highly conserved throughout Cam 

homologs, has been demonstrated to contribute to the thermodynamic stability of the trimer by 

forming interprotomer electrostatic interactions with Asp61 and Asp76 (Tripp et al., 2002).   

1.4.3.  Active site of Cam, and key residues  

In its trimeric form, Cam has three active sites, each located at the interface between two 

protomers, with each protomer contributing catalytically important residues (Kisker et al., 1996), 

as depicted in Figure 1.2.  The active site metal is stabilized by three histidine residues located 

on the turns between the β-sheets (the corners of the triangular prism), about halfway up the LβH 

on the 4
th

 and 5
th

 β-helix turns.  Two of the metal coordinating histidines, His81 and His122, are 

located at equivalent positions one turn up or down from each other on the LβH of one monomer, 

while His117 is donated by the adjacent monomer.  Crystal structures suggest that in the case of 

Cam with Zn
2+

 in the active site (Zn-Cam), two water molecules also help coordinate the zinc, 

giving the active site a distorted trigonal bipyramidal geometry (Iverson et al., 2000).  Crystal 

structures of Cam with Co
2+

 in the active site (Co-Cam) suggest that it is partly coordinated by 

three waters, resulting in an active site exhibiting distorted octagonal geometry (Iverson et al., 

2000).  For both of these coordination geometries, one of the waters forms a hydrogen bond 
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Figure 1.2. Catalytic site and key residues of Cam.  The separate protomers are shown in 

either light-blue or pale-green.  The catalytic metal is depicted as a grey sphere bound to 

sulphate, which has displaced bicarbonate or water substrates.  The carbon atoms are shown in 

green for metal coordinating residues, magenta for major catalytic residues, and cyan for dimer 

stabilizing residues.  The carbon atoms of Asn73 which orients Gln75, and proton shuttle residue 

Glu 84 are also shown in orange and yellow, respectively  

SO4
- 
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with Glu62 and one forms a hydrogen bond with Gln75, which is oriented by a hydrogen bond 

with Asn73 (Zimmerman and Ferry, 2006).  Kinetic analyses of Glu62 and Gln75 indicate that 

they play an important role in CO2 hydration activity (Iverson et al., 2000; Tripp et al., 2001).  

Glu84 of the acidic loop shares a proton with Glu62, exhibits multiple conformations, and has 

been shown to acts as a proton shuttle residue (PSR) along with Glu62 (Iverson et al., 2000; 

Tripp and Ferry, 2000).  The kcat value of Cam exceeds 10
4
 s

-1
, making it faster than the rate at 

which protons can transfer from the metal bound water to the surrounding water at a pH of 7 

(Alber et al., 1999).  For this reason Cam must possess PSR’s such as Glu62 and Glu84 in order 

to enhance the rate at which protons are transferred to the buffer (equation 2).  The amide groups 

of Gln75 and Asn202 are proposed to polarize incoming CO2 for attack by the lone pair of 

electrons of the metal bound hydroxyl (equation 1a) (Zimmerman and Ferry, 2006).  

1.4.4.  The proposed catalytic mechanism of Cam  

 A catalytic mechanism for Cam has been proposed by Zimmerman and Ferry (2006).  

This mechanism is largely based on coupling of structural comparisons of the active site of Cam 

to that of HCA II as a means to identify possible catalytic residues, and kinetic studies of Cam 

following site directed mutagenesis of these residues.  While these experiments provide 

favorable evidence for the proposed roles of these residues, the varying conformations with 

which the substrates bind to them in the proposed mechanism is largely speculative.  For this 

reason, a more simplified version of the catalytic mechanism proposed by Zimmerman and Ferry 

(2006) is depicted in Figure 1.3, showing only the key steps of the reaction. 
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Figure 1.3. Key states in the proposed catalytic mechanism of Cam.  The depicted 

mechanism is a simplified version of the mechanism outlined by Zimmerman and Ferry (2006). 

(A) Zn
2+

 coordinates two water molecules which are hydrogen bonded to Gln75 and Glu62. (B) 

A proton is shuttled out from one of the waters, converting it into a hydroxide. (C)  The 

incoming carbon dioxide hydrogen bonds with Gln75 and Asn202, which orient it for 

nucleophilic attack by the hydroxide. (D)  Bicarbonate is formed.  This bicarbonate is released 

and the missing water is regenerated, returning the active site to the state A. 

  

A 

C 

B 

D 
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1.4.5.  Homology of PA5540 to γ-carbonic anhydrases 

 PA5540 is one of four putative carbonic anhydrases in P. aeruginosa PA01, the other 

three being β-CA’s PA0102, PA2053 and PA4676, as determined by protein-protein BLAST 

searches and activity assays (Lotlikar et al., 2013).  In sequence alignments to characterized γ-

CA’s (Figure 1.4), PA5540 has 38% sequence identity (S.I.) to Cam and 39% S.I. to CamH of M. 

thermophila, as well as 38% S.I to CcmM of T. elongatus.  Equivalents to the metal coordinating 

histidines His81, His117 and His122 of Cam are present on PA5540 as His72, His89 and His94, 

respectively.  Residues analogous to Glu62, Gln75 and Asn202 of Cam also appear to be present 

on PA5540 in the form of Glu47, Gln64 and Asn172, respectively.  The presence of a Glu62 

analog is worth noting as this residue was only present in 93 of 694 Cam homologs in the 

GenBank non-redundant database with an expect cut-off of 1×10
-5

 using a BLOSUM62 matrix, 

as outlined by Zimmerman et al. (2010).  PA5540 has no obvious analog to Glu84 of the acidic 

loop found on Cam; in fact the entire Glu rich acidic loop is absent from PA5540, CamH and 

CcmM.  Because the two aforementioned homologs have proven CA activity, the absence of the 

loop is not detrimental to catalysis, but may result in a lower kcat compared to Cam due to the 

absence of a PSR analogous to Glu84 (Peña et al., 2010; Zimmerman et al., 2010). It is possible 

however, that another residue fulfils the role of Glu84.  Previous studies carried out in our lab 

have concluded that γ-CA’s are reliably identified by the presence of Glu62 and Asn202 

orthologs, and that the majority of Cam homologs may actually be β-hydroxy-CoA-thioesterases, 

lacking Glu62 and having tyrosine in place of Asn202 (Samborska et al., unpublished).  The 

previously discussed structural residues Arg59, Asp61, and Asp76 of Cam, and the Gln75 

orienting residue Asn73 also have analogs in PA5540 (Figure 1.4). Analysis of PA5540 beyond 

the primary structure   
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Figure 1.4. Multiple sequence alignment of Cam, CamH, CcmM, and PA5540 using 

ClustalW2 and ESPript 2.2.  Key residues of Cam are labeled on top of the alignment and their 

analogs in PA5540 are labeled underneath.  Metal coordinating histidines are in green, key 

catalytic residues are in purple, dimer stabilizing residues are shown in blue, and the asparagines 

orienting Glu62 (Cam numbering) are shown in orange.  An analog for Glu84 of Cam is not 

present on CamH, CcmM, or PA5540, nor is the acidic loop.  The order of the proteins in this 

alignment was chosen arbitrarily, and is not indicative of the relative similarity between the 

proteins. 
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level will be largely reliant on obtaining crystal structures for PA5540 and drawing comparisons 

to both the active site and overall structure of Cam. 

1.4.6.  Catalytic metal ions of γ-carbonic anhydrases 

 In α-CA’s, the most actively studied CA’s, the physiologically relevant metal in the 

active site has almost exclusively been reported to be Zn
2+

, with the exception of a CA found in 

duck erythrocytes which appears to use Fe
2+

 (Wu et al., 2007).  In the case of γ-CA’s, Zn
2+

, Co
2+

 

and Fe
2+

 have all been suggested as possible physiologically relevant metals (Tripp et al., 2004; 

Peña et al., 2010; Zimmerman et al., 2010).  The effects of Cu
2+

, Mn
2+

, Ni
2+

, Cd
2+

 and Mg
2+

 on 

the catalytic activity of Cam have also been examined, resulting in either significantly lower kcat 

values than the three aforementioned metals, or the inability to be incorporated into the active 

site of the trimer (Tripp et al., 2004).  In the case of Cam, Zn
2+

 is found in the active site after 

purification under aerobic conditions, despite Fe
2+

 being the reported as the physiologically 

relevant metal (MacAuley et al., 2009).  This is because exposure of Fe
2+

 to air results in 

oxidation to Fe
3+

, which is subsequently lost from the active site and replaced with Zn
2+

, a 

common contaminant in buffers (MacAuley et al., 2009). The steady state parameters for Cam 

with Zn
2+

, Co
2+

 and Fe
2+

 in the active site are listed in Table 1.1, with Fe-Cam having 

approximately twice the kcat of Co-Cam, which has almost twice the kcat of Zn-Cam (Tripp et al., 

2004). 

Beyond steady state kinetics, the presence of metal ions can affect the structure of the 

active site, as previously mentioned for the case of Co-Cam, which coordinates one more H2O 

molecule than Zn-Cam (Iverson et al., 2000) .  The presence of the metal ion at the active site 

also plays a large role in the formation of the Cam trimer, with an estimated two thirds of the free  
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Table 1.1. Steady state parameters of Cam with different catalytic metal ions. 

 

Production 

Organism 

Reconstitution 

Metal 

Molar ratio 

of 

metal/trimer 

b
 Effective 

kcat (×10
3
 s

-1
)  

Km (mM) Effective 

kcat/Km (×10
-5

 

M
-1

 s
-1

) 

E.coli Zn
2+

 2.76 ± 0.15 68.1 ± 4.0 21.8 ± 2.2 31.33 ± 5.1 

E.coli Co
2+

 2.37 ± 0.09 118.0 ± 10.5 15.7 ± 2.8 75.3 ± 19.9 

E.coli Fe
2+

 2.79 ± 0.12 243 ± 22.8 44.8 ± 7.4 54.4 ±15.5 

 
a
 data from  Tripps et al., 2004 

b
 effective is kcat is the kcat per metal occupied active site 
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energy of folding and assembly being attributed to the binding of Zn
2+

 in the Zn-Cam 

homotrimer (Simler et al., 2004).   

When applying studies of metal ions in Cam to PA5540 of P. aeruginosa, it is important 

to recognize that M. thermophila is an obligate anaerobe, while P. aeruginosa is a facultative 

aerobe.  While it is capable of using nitrate as a terminal electron receptor under anaerobic 

conditions, it heavily favors aerobic growth (Ye et al., 1995).  Although the overall environment 

of the lung is relatively high in oxygen, during CF infections of the lung, P. aeruginosa grows in 

mucus secretions which have varying gradients of oxygen depletion (Worlitzsch et al., 2002).  

There is currently debate as to whether the primary mode of growth for P. aeruginosa infections 

is carried out in a microaerobic environment, or under completely anaerobic conditions (Alverez-

Ortega and Harwood, 2007; Tunney et al., 2008).  The environment in which P. aeruginosa 

infection occurs is important as it may have a bearing on the availably of Fe
2+

 to act as the 

physiologically relevant metal. 

Zn
2+

 is unlikely to be the native metal in PA5540, as the gene encoding it (as well as a 

GTP cyclohydrolase and a dihydroorotase) is located in a zur (zinc uptake regulator) regulated 

operon (Haas et al., 2009) which is transcribed only under conditions of zinc deprivation (Lee 

and Helmann, 2007).  Deprivation of free metals (especially iron and zinc) by the infected host is 

part of the acute inflammatory response (Motley et al., 2004).  It is possible that PA5540 is 

expressed only when intracellular zinc concentrations are low, a condition under which the 

activity of the three β-CA’s present in this organism would likely be hindered.  

There is no biochemical evidence that might rule out Co
2+

 as the physiologically active 

metal in PA5540, however it is important to keep in mind the relatively low abundance of the 
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metal in human lung tissue (Takemoto et al., 1991).  In any case, attempts to reconstitute 

PA5540 with Zn
2+

, Co
2+

, Fe
2+

, and other divalent metal ions must be carried out, and the effects 

on its structure and steady state kinetic parameters must be observed before any conclusions can 

be made. 

1.4.7.  γ-Carbonic anhydrase inhibitors as drugs 

 The majority of CA inhibitors (CAI’s) fall under one of two classes: sulfonamides 

(R-NH2SO2) and metal-complexing anions (Supuran, 2007).  Out of the anions, F
-
, Cl

-
, and SO4

-
 

have been shown to cause particularly low inhibition of Cam (Innocenti et al., 2004) and may 

therefore be useful as buffer components in kinetic assays of PA5540.  Although the inhibition 

caused by these anions has been studied across many classes of CA’s (Zimmerman et al., 2007), 

they are not suitable for clinical use, unlike sulfonamides.  

Based on co-crystallization with α-CA’s, the sulfonamides act on CAI’s by binding to the 

catalytic metal ion by the nitrogen of their NH2SO2 moiety, the oxygen atoms of which form 

hydrogen bonds with Thr199 of human carbonic anhydrase (HCA) I and II (Chakravarty and 

Kannan, 1994; Abbate et al., 2002).  Thr199 is involved in CO2 and catalytic OH
-
 orientation in 

these enzymes, and is located in between Gln75 (CO2 and OH
-
 orientation) and Asn202 (CO2 

orientation) of Cam, in active site superimpositions with HCA II (Zimmerman and Ferry, 2006).   

While successful co-crystallization of γ-CA’s with bound sulfonamide inhibitors has yet 

to be carried out, inhibition studies of many previously determined α- and β-CAI’s have been 

conducted on Cam (Zimmerman et al., 2004), the inhibition constants (KI’s) of which are 

outlined in Table 1.2.  Of particular interest is sulfamate (HOSO2NH2), which demonstrates 

strong inhibition of Zn-Cam, but poor inhibition of HCA II.  In the case of Co-Cam, sulfamide  
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Table 1.2.  Inhibition constants of sulfamate, sulfamide, and various commercially 

available sulfonamide derivatives on Zn-Cam, Co-Cam, α-CA HCA II and β-CA Cab. 

Inhibitor 

Ki [µM] 

Zn-Cam Co-Cam HCA II Cab 

HOSO2NH2 

(sulfamate) 
0.096 3.36 

c
390 103,300 

H2NSO2NH2 

(sulfamide) 
69.86 5.96 

c
1,130 44,000 

Acetazolamide 0.063 1.43 12 12.1 

Methazolamide 0.14 0.17 14 32.1 

Ethoxzolamide 0.20 0.74 8 5.35 

Topiramate 1.02 0.12 5 23.5 

Valdecoxib 0.13 0.24 43 61 

Celecoxib 0.14 1.01 21 38.5 

Dorzolamide 0.41 1.71 9 30.7 

Sulfanilamide 0.25 3.93 300 57.8 

 
a
 Errors are in the range of 3 – 5% 

b
 data obtained from  Briganti et al., 1996; Vullo et al., 2003; Abbate et al., 2004; Weber et al., 

2004; Zimmerman et al., 2004 
c
 data on the sulfamate and sulfamide inhibition constants for HCA II was inaccurately reported 

by Zimmerman et al. (2004) to be 1000 fold higher than the values shown here, which are 

obtained from the original paper by Brigante et al. (1996)  

  



18 

 

has the lowest inhibition constant relative to HCA II.  Inhibitors such as these may be ideal for 

clinical use, as they would likely cause few adverse effects due to lower specificity for human 

CA’s.  In general, sulfonamides have been shown to inhibit Cam much more efficiently than α- 

and β- CA’s (Zimmerman et al., 2007).  This may be due to the active site of Cam being able to 

allow the entry of bulkier compounds, and/or due to stronger interactions between sulfonamide 

and Gln75 and Asn202 of Cam than the corresponding residues on other CA’s (Zimmerman et 

al., 2007).   

Sulfonamides are of particular interest as potential antimicrobials on the basis that 

approximately thirty have already been approved for clinical use (Supuran, 2010).  Ab initio drug 

development is an expensive and time-consuming process (DiMasi et al., 2003), and although the 

average cost of bringing a novel drug to market is subject to much debate (Light and Warburton, 

2005), the general consensus is that it is hundreds of millions of dollars (Morgan et al., 2011).  

While this cost is incurred through a number of factors, a good portion of it is spent performing 

pre-clinical and clinical trials demonstrating the safety of the drug for human use before it can be 

approved by a regulatory committee.  If it can be demonstrated that any of the already approved 

sulfonamide based drugs inhibit PA5540, as well as bacterial infection in vivo, then there are no 

major hurdles preventing the use of these drugs in treating patients with bacterial infections. 

1.5.  Metal preference of bacterial metalloproteins 

 The affinity of proteins for divalent metals has been demonstrated to follow a universal 

order of preference (Mg
2+

 and Ca
2+

 < Mn
2+

 < Fe
2+

 < Co
2+

 < Ni
2+

 < Cu
2+

 > Zn
2+

) which is 

commonly referred to as the William-Irving series (Irving and Williams, 1948).  This poses a 

conundrum, as bacteria exhibit specificity of metal incorporation into proteins.  This specificity 
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is primarily controlled by three factors: control of metal and metalloprotein abundance, protein 

folding location, and metal insertion by metallochaperones (Waldron and Robinson, 2009).  All 

of these factors are dependent on the basis that, while the Irving-William series holds true, 

certain proteins can still have higher affinities for the same metal than other proteins do.  This is 

primarily due to differences in the coordination spheres of occupied metal binding sites 

(Dokmanić et al., 2008).   

With regards to control of metal concentrations, the efflux of highly competitive metals 

such as copper can help increase the proportion of less competitive metals within the cell 

(González-Guerrero and Argüello, 2008).  In P. aeruginosa small proteins called 

metallothioneins, with particularly high affinity for zinc, help sequester it in order to reduce free 

intracellular levels (Blindauer et al., 2002).  P. aeruginosa also secretes iron chelating 

compounds called siderophores, which not only sequester iron, but also promote the expression 

of virulence factors (Lamont et al., 2002).  The previously discussed zur operon regulating 

PA5540 is an example of regulation of metalloprotein levels based on metal concentrations (Lee 

and Helmann, 2007).  Folding location is of importance, as protein folding in the periplasm can 

result in the incorporation of different metal ions than cytoplasmic folding (Tottey et al., 2008).  

Also of emerging importance are metallochaperones, which are responsible for the transport and 

delivery of specific metal ions to their metalloenzymes, in a process involving ligand exchange 

and the consumption of GTP ( Leach and Zamble, 2007; Bellucci et al., 2009).   

The variance among species in terms of the different proteins and cellular environments 

that affect metal specificity in metalloenzymes is important to PA5540 for two reasons.  Firstly it 

indicates that even if Cam has a similar sequence or structure to PA5540 it may still contain a 
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different native metal, as the species do not even fall under the same domain.  Secondly, it has 

implications for experimental applications, as will be explained in the research proposal. 

1.6.  Techniques used in the study of carbonic anhydrases 

1.6.1.  Carbonic anhydrase assays using the pH indicator method 

The pH indicator method outlined by Khalifa (1971) is an accurate and cost-effective 

way of assaying CA activity through measurements of the rate of proton release or consumption 

by the catalyzed reaction.  In this technique, the CA activity is measured in a number of buffer-

indicator pairs, covering a wide range of pH’s.  The ionic strength of the different buffer 

solutions is standardized using a non-inhibitory salt such as sodium sulfate.  Samples of the 

buffer-indicator solutions are titrated with varying amounts of a strong acid, and the absorbance 

of light at a wavelength (λ) specific to the deprotonated indicator is measured for all of these 

samples. These values are used to generate a function referred to as the buffer factor (Q), which 

relates the number of moles of acid added to the corresponding change in absorbance (  
  

  
, 

where x is the concentration of protons and A is the absorbance). The absorbance is determined 

by the concentration and ionization state of the indicator, while the amount of protons available 

to protonate the indicator is primarily dependent on the concentration and ionization state of the 

buffer.  This makes Q a non-linear function which is affected by pH, due to the presence of two 

acid ionization constants (Ka) in the equation.   By pairing buffers and indicators with similar Ka 

values, the function for Q because more linear (less pH dependent), making it easier to interpret 

the reaction by assuming linearity of Q (Khalifa, 1971).  
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CO2 saturated water is diluted with N2 saturated water (both of which are made by 

bubbling at 25°C and 1 atm) to create solutions of known substrate (CO2) concentrations.  

Bicarbonate can be used as substrate in the reverse reaction, however when starting from a 

physiological pH this reaction would go through fewer turnover events before reaching 

equilibrium (Alber et al., 1999).  A measured amount of purified CA is suspended in buffer 

solution of a specified pH, and this is mixed almost instantaneously with an equal volume of 

water containing a known concentration of CO2, through the use of a stopped-flow apparatus.  

The rate of decrease in absorbance over the initial portion of the reaction is recorded and 

assumed to fit steady-state approximations.  By subtracting the rate of the absorbance decrease 

for the uncatalyzed reaction from the catalyzed reaction and then multiplying this value by the 

buffer factor at the corresponding pH, the initial rate of catalysis (v0) can be obtained.   By 

altering the concentration of CO2 in each of these reactions and plotting these concentrations 

against the v0 values obtained, using non-linear regression, a maximum v0 (Vmax) can be 

determined.  The Km value is determined from this graph and the kcat is reported as the Vmax 

divided by the concentration of CA in the reaction.  These values are determined at various pH’s, 

and a similar plot of the pH dependency of the Km and kcat values is also made using non-linear 

regression (Khalifa, 1971). 

1.6.2.  Atomic absorption spectroscopy 

 Both the types of metals found in the active site of CA samples, and the quantity of these 

metals can be determined by atomic absorption spectroscopy (AAS).   Determining the molar 

ratio of metals to monomers of Cam will allow calculation of the turnover rate per monomer with 

a metal occupied active site, or “effective kcat”. Metals are identified on the basis that, unlike 
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molecules, atoms absorb light at precise and uniquely characteristic sets of wavelengths.  The 

quantity of metal is proportional to its absorbance, in accordance with the Beer-Lambert Law 

(Lajunen and Perämäki, 2004).  

1.7.  PA5540 research has relevance beyond P. aeruginosa 

 A multiple sequence alignment of Cam, CamH, PA5540, CcmM, and various 

uncharacterized proteins with 88% to 43% identity to them was performed using ClustalW2 

(GONNET matrix), and proteins missing analogs to Glu62 and Asn202 of Cam were removed 

from the alignment. Analogs for every residue of known function in Cam, with the exception of 

Glu84, were present throughout these proteins.  A phylogenetic tree of these proteins was 

generated using ClustalW2 (Figure 1.5).  This tree suggests that PA5540 may represent a new 

subclass of λ-CA’s primarily found in proteobacteria, many of which are opportunistic 

pathogens.  Burkholderia cepacia complex, for example, are the second most problematic 

bacteria causing infection in CF patients, after P. aeruginosa (Courtney et al., 2007; CFF, 2010).  

Aeromonas caviae and other species of its genus can cause severe gastroenteritis and a host of 

other complications resulting in high mortality rates among the elderly and immunocompromised 

(Chuang et al., 2011).  The emergence of new carbapenemases capable of hydrolyzing a wide 

range of β-lactam based antibiotics are becoming problematic in nosocomial infections of 

Klebsiella pneumonia (Nordmann et al. 2009) and have been detected in species of Citrobacter 

as well. (Xu et al. 2012).  Knowledge gained from studies of PA5540, including the 

identification of approved sulfonamide based drugs with the potential to inhibit the growth of P. 

aeruginosa, may prove useful in combating infections caused by a wide range of proteobacteria. 
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Figure 1.5. Maximum parsimony phylogenetic tree of γ-CA’s Cam, CamH, CcmM and 

select putative γ-CA’s, including PA5540.  The tree was generated using ClustalW2, with 

branch lengths representing the degree of divergence among the sequences, with asterisks (*) 

marking PA5540 and proven γ-CA’s.  Five potential subclasses of γ-CA are shown, with the 

major properties of these subclasses appearing to be as follows: (A) The presence of an 18 to 19 

residue long interruption of the LβH containing an analog to PSR Glu84 of Cam, and the acidic 

loop; (B) Similar sequence to C, but with none of the additional features described for C or the 

other subclasses; (C) A 9 to 10 residue long sequence interrupting the LβH just after Glu62 of 

Cam; (D) No obvious features beyond differences in primary structure; (E) The C-terminal 

domain is built from concatenated copies of a domain resembling the ribulose-1,5-bisphosphate 

carboxylase oxygenase (RuBisCO) small subunit. 

  

D 

C 

B 

A 

E 



24 

 

1.8.  Research Proposal  

 Based on sequence analyses (Figure 1.4) it was hypothesized that PA5540 of P. 

aeruginosa PAO1 encodes a γ-CA, which is the only γ-class CA found in this bacteria.  

Furthermore, as PA5540 expression appears to be dependent on the absence of zinc, and its 

expression is upregulated during pathogenesis of the lungs of CF patients, it is postulated that 

PA5540 plays an important role in the growth of P. aeruginosa under a host-induced zinc 

deficient environment.  If this is the case, then sulfonamide-based CAI’s shown to inhibit the 

closely related γ-CA Cam may inhibit PA5540 as well, and prove useful in the treatment of P. 

aeruginosa infections.  The primary goal of this thesis was to demonstrate that PA5540 is a γ-

CA. Secondary goals would be to conduct kinetic analysis, determining and quantifying active 

site metals, and examination of the effectiveness of sulfonamide inhibitors on PA5540 activity. 

In order to identify PA5540 as a CA, it must catalyze the reaction of carbon dioxide with 

water to form bicarbonate and free protons (or vice versa).  Previous work in the Kimber Lab has 

suggested that E. coli may be lacking the proper metallochaperones for incorporation of catalytic 

metals into PA5540.   Overexpression of Cam in its native organism M. thermophilla resulted in 

greater incorporation of its native metal (Fe
2+

) than an E. coli based expression system 

(MacAuley et al., 2009).  Therefore a Pseudomonas putida-based expression system was used to 

overexpress PA5540 with an N-terminal His-tag and thrombin cleavage site, in the hope that this 

system may increase metal incorporation.  A crystal structure of PA5540 must be determined in 

order to demonstrate structural similarities to other known γ-CA’s.  This was done by performing 

a series of crystal screens and refinements, and then performing X-ray diffraction and molecular 

replacement using known γ-CA’s. 
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The method by which PA5540 activity was studied is the pH indicator technique outlined 

by Kalifah (1971).  A significantly shorter time to completion for the PA5540 reaction compared 

to the negative control would support the hypothesis that PA5540 is a carbonic anhydrase.   

Induction with metals, dialysis, and possibly unfolding and refolding of the protein may all be 

used in order to allow uptake of the metal into the PA5540 active site.  The primary metals used 

in these experiments will be Zn
2+

, Co
2+

 and Fe
2+

.  However, Cu
2+

, Mn
2+

, Ni
2+

, Cd
2+

 and Mg
2+

 

may also be candidates.  Fe
2+

 incorporation was expected to result in the highest kcat, but it is the 

most difficult to incorporate due to oxidation in the presence of O2 which will be dissolved in the 

buffers.  Since PA5540 falls under a zur operon in P. aeruginosa and Tripp et al. (2004) have 

shown that Cam has higher activity with Co
2+

 than  Zn
2+

,  it is anticipated that PA5540 will have 

also have higher activity with Co
2+

 than  Zn
2+

 .  The ratio of metal to protomer of PA5540 can be 

determined by atomic absorption spectroscopy, as well as the type of metal. 

 As carbonic anhydrases are more active at higher pH’s, the pH dependency of PA5540 

may be carried out by performing the pH indicator technique in buffers at different pH’s.  It may 

also be possible to examine the ability of sulfonamide based drugs to inhibit PA5540 activity.   
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2.  Materials and Methods 

2.1.  Isolation of pET28a_PA5540_N-His 

 PA5540 DNA used for this project was originally cloned into pET28a(+) with an N-

terminal 6-Histidine tag and thrombin cleavage site (plasmid: pET28a_PA5540_N-His, 

sequence: PA5540_N-His ), and transformed into both Escherichia coli DH5α and E. coli BL21 

(DE3) (Invitrogen, Burlington, ON, Canada) by Sergio Jaramillo-Tatis.  The E.coli DH5α was 

grown overnight in 5 mL LB media (Appendix) containing 30 µg/mL Kanomycin, at 37 °C with 

220 rpm shaking.  3 mL of the overnight culture was pelleted at 16,000 × g for 150 seconds in a 

microcentrifuge (Thermo Fisher Scientific, Ottawa, ON Canada).  Cells were lysed and the 

plasmid extracted using the QIAGEN QIAprep Spin Miniprep Kit (QIAGEN, Toronto, ON, 

Canada) in accordance with the manufacturer’s instructions, and eluted with 50 µL of sterile 

Milli-Q water (Millipore, Billerica, MA, USA).  10 to 20 µL DNA was sent for sequencing at the 

University of Guelph Laboratory Services (Guelph, ON, Canada) using the T7 forward primer, 

and the remainder was stored at -20 °C.   

2.2.  Isolation of pVLT31 from P. putida KT2442 

 P. putida KT2442 containing the multi-host pVLT31 expression plasmid (de Lorenzo et 

al 1993) (generously provided by Dr. Stephen Seah’s laboratory) was grown overnight in 550 

mL of LB media containing 15 µg/mL Tetracycline at 37 °C with 220 rpm shaking.  The culture 

was centrifuged at 6,500 rpm in a JA-10 rotor (Beckman Coulter, Mississauga, ON, Canada) 

using an Avanti™ J25i Centrifuge (Beckman Coulter).  The resulting pellets were lysed using the 

PureLink® HiPure Plasmid Midiprep Kit (Invitrogen) according to the manufacturer’s 

instructions, and the plasmid was resuspended in 45 µL of TE buffer.  The plasmid was 
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quantified in a quartz cuvette at 260 nm using a Ultraspec 2000 (Biochrom Ltd, Cambridge, 

England) and an extinction coefficient of 50 ng • µL
-1 

• A260
-1

 was used to estimate the DNA 

concentration. 

2.3.  Insertion of PA5540_N-His into pVLT31 

The isolated pVLT31 had XbaI and HindIII restriction sites within its multiple cloning 

site.  The PA5540_N-His within pET28a(+) was also flanked by XbaI and HindIII restriction 

sites in the correct orientation for insertion into pVLT31. 50 µL double digests were set up, one 

containing 10 µg pVLT31 and one containing 4.25 µL of pET28a_PA5540_N-His.  Both of 

these were digested overnight at 37°C with XbaI and HindII (New England Biolabs, Ipswich, 

MA, USA) in the presence of appropriate buffers as outlined and supplied by the manufacturers.  

The following day the pVLT31 digest was treated with 1× Antarctic Phosphatase (New England 

Biolabs) for 1 hour at 37°C to remove 5’ phosphates and prevent plasmid to plasmid annealing.  

The pVLT31 digest was loaded onto a 0.6 % agarose containing 0.2 µg/mL ethidium bromide 

gel, cast using a Bio-Rad Mini-Sub® Cell GT System, along with Quick-Load® 1kb DNA 

Ladder (New England Biolabs) for comparison.  The pET28a_PA5540_N-His digest was loaded 

onto 2% agarose, 0.2 µg/mL ethidium bromide gel along with Quick-Load® 100 bp DNA 

Ladder (New England Biolabs).  The gels were run for 15 minutes at 50 V and 100 minutes at 

100 V, placed on a variable intensity UV transilluminator (Ultra-Lum Inc., Claremont, CA, 

USA) and bands corresponding to the appropriate sizes were cut out using sterile scalpels.  These 

gels were photographed under UV in a ChemiDoc™ (Bio-Rad).  DNA was purified from the gel 

excisions using the illustra™ GFX™ PCR DNA and Gel Band Purification Kit (GE Healthcare, 

Mississauga, ON, Canada) according to the manufacturer’s instructions and eluted with 53 µl of 

sterile Milli-Q water.   DNA was quantified and a 1:1, 1:3, 1:6 molar ratios of plasmid to insert, 
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and a negative control with no insert, were ligated for 2 days at 4°C using 0.5 U/µL T4 DNA 

ligase (Fermentas, Thermo Fisher Scientific) in 1× cohesive buffer (Appendix).  Competent E. 

coli DH5α were prepared using a variant of the Hanahan transformation procedure (Hanahan, 

1983).  3 µL of each ligation mix was added to 100 µL of these cells, and transformation was 

facilitated by a 30 second heat shock at 42°C, followed by the addition of 300 µL of super 

optimal catabolite repression media (SOC) (Appendix) and incubated at 37°C with 220 rpm 

shaking for 3 hours.  These cells were then plated on LB agar plates containing 15 µg/mL 

tetracycline, and incubated overnight at 37°C.  Colonies were used to inoculate overnight 

cultures of LB containing 15 µg/mL tetracycline, a Miniprep was performed as described 

previously.  Plasmid free P. putida KT2442 (provided by Dr. Seah’s lab) was grown up in sterile 

LB media and used to make competent cells.  The plasmid extracted from the E. coli DH5α was 

transformed into these cells.  The resulting plasmid is referred to as pVLT31_PA5540_N-His. 

2.4  PCR of PA5540 

Due to the low copy number of the pVLT31_PA5540_N-His plasmid, a miniprep of the 

plasmid extracted from P. putida KT2442 was unable to achieve a sufficient yield in of DNA in 

order to perform sequencing. Primers PA5540_gCA_t1 and PA5540_gCA_b1 (Table 2.1, Pair 

1), which were originally used to clone PA5540 into pET28a(+), were used to perform PCR on 

pVLT31_PA5540_N-His in order to demonstrate PA5540_N-His had been inserted.  These 

primers were already flanking the XbaI restriction site upstream of PA5540_N-His, and the 

HindIII site downstream of it, and were originally used for ligation into pVLT31.  A reaction 

mixture of ~100 ng/µL pET28a_PA5540_N-His, 0.4 µM PA5540_gCA_t1 and 

PA5540_gCA_b1, 200 µM dNTP mix, 0.02 U/µL iProof™ High-Fidelity DNA polymerase 

(Bio-Rad, Mississauga, ON, Canada) and 1× iProof GC Master Mix (Bio-Rad) was made.  PCR  
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Table 2.1.  Primers used in the PCR of PA5540 

Pair  Name Sequence (5’ to 3’) 

1 PA5540_gCA_t1 GAGCTACATATGATCCGCAAGAATCCCTCCGGCGAC 

1 PA5540_gCA_b1 GATGCTGGATCCTATCAGAACTCGTTCTGCAGCGACTTGTAG 

2,3* Sean-tag-b-gone-t1 ATATACCAUGATCCGCAAGAATCCCTCCGGCGAC 

2* Sean-tag-b-gone-b1 ATGGTATAUCTCCTTCTTAAAGTTAAAC 

3* Sean_tag_b_gone_b2 ATGGTATAUCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG 

4 PA5540-5 BamHI GAGCTAGGATCCATGATCCGCAAGAATCCCTCCGGCG 

4 PA5540-3 XbaI GATGCTTCTAGATCAGAACTCGTTCTGCAGCGACTTGTAGCC 

5 PA5540_pVLT31_t2 GAGCTATCTAGATGATCCGCAAGAATCCCTCCG 

5 PA5540_pVLT31_b2 GATGCTAAGCTTCAGAACTCGTTCTGCAGCGAC 

* Primers containing uracil were designed for use with Uracil-Specific Excision Reagent 

(USER™) cloning  
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was carried out using a Bio-Rad MyCycler Thermal Cycler for thirty cycles of 10 second 

denaturing at 98°C, 30 second annealing at 80°C – 0.3°C/cycle and a 25 second extension at 

72°C.  The resulting product was analyzed on a 2% agarose, 0.2 µg/mL ethidium bromide gel 

along with Quick-Load® 100 bp DNA Ladder.  PCR of PA5540 from pET28a_PA5540_N-His 

was also performed with the goal of inserting tagless PA5540 into pVLT31.  These primer pairs 

constitute pairs 2-5 in Table 2.1, with pairs 2 and 3 being designed for use with Uracil-Specific 

Excision Reagent (USER™) cloning (New England Biolabs) rather than conventional cloning. 

2.5.  Protein expression and purification 

 Overnight cultures of E. coli BL21 (DE3) containing pET28a_PA5540_N-His or P. 

putida KT2442 containing pVLT31_PA5540_N-His were grown in 15 mL of 2YT media 

(Appendix) with appropriate antibiotics, at 37°C with 220 rpm shaking.  The 15 mL overnight 

cultures were transferred to 1 L of pre-warmed 2YT containing appropriate antibiotics and 

incubated at 37°C with 220 rpm shaking to an optical density (OD) of 0.6 to 0.8 using a 600 nm 

wavelength and 1 cm path length, as measured by a Genesys 20 Visible Spectrophotometer 

(Thermo Fisher Scientific).  At this point, 0.4 mM Isopropyl β-D1-thiogalactopyranoside (IPTG) 

and 500 µm ZnSO4 (unless otherwise stated) was added to the culture, and incubation was 

continued overnight at 15°C.  The cultures were then centrifuged at 6,500 rpm in a JA-10 rotor at 

4°C, and the resulting pellet was resuspended in 20 mL of binding buffer (Appendix) and stored 

at -80°C, or ~1 mg of DNase I (Roche, Indianapolis, IN, USA) was added and lysis was 

performed.  Cells were lysed either by two passes through a chilled French Press (American 

Instrument Comapny, Silver Spring, MD, USA) at 1500 psi or through the use of a Misonix XL-

2020 sonicator and macrotip (Misonix, Inc., Farmingdale, NY, USA), at setting 6, for 10 cycles 

of a 30 second pulse and a 1 minute cool down periods, with the sample kept on ice.  The crude 
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lysate was centrifuged at 15,000 rpm in a JA 25.50 (Beckman-Coulter) at 4°C and the 

supernatant was filtered through a 0.2 µm nylon syringe filter (VWR International, Mississauga, 

ON, Canada).  In early experiments the filtered lysate was applied to a column containing 

Profinity IMAC Ni-Charged resin (Bio-Rad, Hercules, CA, USA) equilibrated with binding 

buffer (Appendix).  In later experiments, samples were purified using these beads after the Ni
2+

 

had been replaced with Co
2+

 using column stripping buffer (Appendix) and equilibration with 

500 mM CoCl2. This was due to evidence that Ni
2+

can be taken into the active site of Cam and 

lower its activity (Tripp et al., 2004).  Protein was eluted using elution buffer (Appendix) and 

concentrated in a 10,000 Da molecular weight cut-off (MWCO) Amicon® concentrator 

(Millipore), followed by three addition and centrifuge cycles at 4,500 rpm with either crystal 

buffer (Appendix) or one of the CA assay buffers listed in Table 2.2.  In attempts to slowly add 

Zn
2+

 or Co
2+

 to the protein, dialysis using 6,000 to 8,000 MWCO dialysis tubing (Thermo Fisher 

Scientific) was performed, with 2 buffer exchanges at 4 °C over a period of 16 to 24 hours.  In 

attempts to add Fe
2+

 to PA5540 under anaerobic conditions, the protein sample was placed 

within a Bug Box Workstation (Ruskinn Technology LTD, Pencoed, UK) containing an anerobic 

gas mix.  Bovine carbonic anhydrase used in stopped-flow experiments was ordered from Sigma-

Aldrich. 

2.6.  Thrombin Cleavage 

For experiments in which thrombin cleavage was used to remove the histidine tag from 

PA5540, 1 mg of bovine plasma thrombin (Sigma-Aldrich) was added to purified histidine 

tagged PA5540 sample (or approximately 1 mg of thrombin per 5 mg of PA5540).  The buffer 

which the sample was in was exchanged with binding buffer by centrifugation within a 10,000   
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Table 2.2.  List of Buffers used in pH indicator based carbonic anhydrase assays.  All 

buffers were titrated with HCl to adjust the pH, except for buffers 4 and 5, which were titrated 

with HClO4.  In reaction ionic strength is adjusted for reaction dilution and the salt added to the 

CO2 saturated water, which was NaCl, except for buffers 4 and 5, for which it was NaClO4. 

 

CA Buffer 

# 

pH Ionic strength 

(mM) 

Contents 

1 9.00 not set 50 mM HEPES, 20 µM phenol red 

2 7.80 not set 50 mM HEPES, 50 µM phenol red 

3 7.80 150 (75 in reaction) 50 mM HEPES, 50 µM phenol red, 39.2 mM Na2SO4 

4 7.80 180 (100 in reaction) 50 mM HEPES, 50 µM phenol red, 57.5 mM NaClO4 

5 8.30 25 (25 in reaction) 40 mM Tris, 400 µM phenol red, 20 mM NaClO4 

6 7.50 77.75 (50 in 

reaction) 

100 mM HEPES, 100 mM imidazole, 100 µM p-

nitrophenol, 16.0 mM Na2SO4 

7 8.30 100 (60 in reaction 100 mM Tris, 100 uM phenol red, 56 mM NaCl, 20 

µM ZnSO4 
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Da MWCO Amicon® concentrator, and the sample was incubated overnight at 4°C.  Following 

this, the sample (in binding buffer) was applied to the Co
2+

 affinity column, and the flowthrough 

(untagged sample) was collected.  The remainder of the thrombin cleaved protein was washed 

out by the addition of 10 mL of binding buffer and added to the flowthrough, and the tagged 

sample was eluted by the addition of 10 mL of elution buffer.  

2.7.  Protein Quantification and Purity Analysis  

Protein was quantified using the ninhydrin method (McGrath, 1972, and Starcher, 2000).  

Standards of 0, 10, 20, 40, 60, 80, and 100 µg/mL of methionine were made in the same buffer as 

the protein sample being quantified.  50 µL of three different protein sample dilutions and 50 µL 

standards were mixed thoroughly with 200 µL of ninhydrin reagent (Appendix), and the mixture 

was heated at 95 °C for 7 to 8 minutes.  The sample was vortexed for 150 seconds and 100 µL 

was used for absorbance measurements at 595nm wavelength using a POLARstar Omega 

microplate reader (BMG Labtech, Oretnberg, Germany).  The methionine standards were used to 

plot a standard curve of methionine molarity (at 1 primary amide per methionine) versus 

absorbance.  This curve was used to determine sample molarity by adjusting for the number of 

primary amides per polypeptide (# of lysines plus the N-terminus), and the average of the three 

samples was used. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

determine the purity of samples, and also the molecular weight of the protein (Shapiro et al., 

1967).  SDS-PAGE loading buffer (Appendix) was added to samples at a final concentration of 

1×, and the samples were heated for 5 to 10 minutes at 95 °C and loaded onto SDS-PAGE gels 

along with Precision Plus Protein™ Prestained Standard (Bio-Rad).  Gels were cast and run 
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using the Bio-Rad Mini-PROTEAN® 3 System.  SDS-PAGE gels were composed of a 6 % 

acrylamide, pH 6.8 Tris-HCl stacking layer and a 15 % acrylamide, pH 8.8 Tris-HCl separating 

layer, and were run at 70 volts for 15 minutes and 120 volts for 70 minutes.  Gels were stained 

for ~ 1 hour in staining solution (Appendix) and destained in destaining (Appendix) solution for 

~ 3 hours or overnight in Mili-Q water, and photographs were taken using the ChemiDoc™. 

2.8.  Protein crystallization and X-ray crystallography 

 Purified protein was added to a 10,000 MWCO Amicon concentrator and centrifuged at 

4,500 rpm until a volume of approximately 200 µL was obtained.  Following this, three cycles of 

the addition of approximately 10 mL of crystal buffer (Appendix) to the concentrator, followed 

by a 4,500 rpm centrifugation were performed. The protein was diluted in crystal buffer to a 

typical concentration of 2 to 20 mg/mL in order to perform crystal screens.  Crystal screens and 

refinements were carried out using sitting drop vapour diffusion in QIAGEN Nextal QIA2 

µplates with 75 to 100 µL of mother liquor added to the reservoir, and 1 µL of protein solution 

and 1 µL of mother liquor mixed in the protein wells.  Crystal Screens were performed with 

Classics I, Classics II, and JCSG+ Suite (QIAGEN), sealed with Duck® packaging tape (Duck, 

Avon, OH, USA) and incubated at 20 °C.  Plates were examined for crystals after 1 or more days 

using a Zeiss Stemi 2000C Stereo Microscope (Zeiss, Toronto, ON, Canada).  Refinements of 

positive “hits” were made by varying the protein concentration and/or the concentration of 

mother liquor contents, and occasionally by the addition of a solvent.  X-ray diffraction was 

performed on the selected crystals, using the University of Guelph’s Bruker Platinum Pt135 

Protein station (Bruker, Billerica, MA, USA).  Structures were determined by molecular 

replacement using related models, and rebuilt using Coot (Emsley and Cowtan, 2004) and 

refined using Phenix (Adams et al, 2002). 
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2.9.  Wilbur-Anderson CA Activity Assay 

Initial tests for CA activity were performed using a variation of the electrometric method 

described by Wilbur and Anderson (1948).   250 µL of elution buffer was added to 15 mL of 20 

mM Tris Buffer at pH 8.3 in a cold room at 4°C.  The solution was stirred with a pH meter in it, 

and 10 mL of Selection Club Soda (Metro Brand, Toronto, ON, Canada) was added.  The time 

taken to for the pH to go from 8.3 to 6.3 was recorded, and the blank reaction was repeated three 

more times.  The reaction was then performed using 250 µL of elution buffer with PA5540, and 

was repeated once.  A faster time to completion for the PA5540 sample suggests the presence of 

CA activity.  It should be noted that the variation of the assay described here was used to test for 

the presence of activity, and was not used to determine kcat. 

2.10.  pH indicator assay for CA activity 

The buffers used to assay CA activity were initially made with 2× the component 

concentrations listed in Table 2.2, and 20.0 mL of the 2× CA buffer was added to seven 50 mL 

conical tubes (VWR).  Differing quantities of analytical grade 1.040 N HCl (Sigma-Aldrich, St. 

Louis, MO, USA) were added to the 2× CA buffer solution, and the volume of the solution was 

brought up to 40.0 mL through the addition of 20.0 mL of Milli-Q water.  These solutions acted 

as standards, and were effectively 1× CA buffer with the addition of 0 to 14 mM H
+
. 

Additional 2× CA buffer was diluted to 1× CA buffer with Milli-Q water.  Purified 

PA5540 was added to a 10,000 MWCO Amicon concentrator, and centrifugation was used to 

exchange the protein sample buffer with 1× CA buffer, as described previously, to a final volume 

of approximately 1 mL.  Protein quantification of this sample was carried out as described in 

section 2.6, and a portion of the sample was further with 1× CA Buffer, and was then pippetted 
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into the tip of a 3 mL or 10 mL  BD Luer-Lok™ tip lock syringe (BD Biosciences, Mississauga, 

ON, Canada) while pulling on the plunger.  A blank sample containing only 1× CA Buffer was 

also drawn into a BD Luer-Lok™ tip lock syringe in a similar fashion. 

A solution of 10 to 50 mM sodium chloride was made, and added to a round bottomed-

flask.  A stopper with 3 glass tubes was fitted onto the round bottom flask to create the apparatus 

depicted in Figure 2.1, and CO2 from a cylinder (Linde Industrial Gases, Mississauga, ON, 

Canada) was bubbled into it for at least 15 minutes.  As the partial pressure of CO2 within the 

apparatus was above 1 atmosphere, the solution was dispensed into a beaker and stirred with a 

stirbar while CO2 was allowed to slowly escape the solution.   The solution was monitored with a 

pH meter and thermometer, and the CO2 concentration within the solution was determined using 

the first dissociation constant of carbonic acid, adjusted for salinity and temperature using the 

constants outlined by Cai and Wang (1998).   

For single kcat measurements, a 10 mL BD Luer-Lok™ tip lock syringe was used to 

extract the solution at pH 3.90.  This pH corresponds to a CO2 concentration near the maximum  

solubility for water (approximately 34 mM CO2) at 1 atmosphere, at the salinity and temperature 

values typical of the sodium chloride soluiton.  For Km measurements, multiple samples were 

taken from pH 3.90 and higher, representing CO2 concentrations anywhere from 34 mM to 5 

mM. 

Absorbance measurements of the standards, and the reactions themselves were carried 

out using an SX20 Stopped-Flow Spectrometer (Applied Photophysics Limited, Leatherhead, 

UK), which was able to mix two samples together in a 200 µL reaction volume.  Prior to any 

measurements taking place, the reaction chamber was flushed 10 times with 20% ethanol and 10 

times with Milli-Q water, and the lamp was allowed to warm up for 20 minutes.   Additionally, 
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Figure 2.1.  Bubbling apparatus for supersaturation of water with CO2. 
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whenever a new solution was injected into the stopped flow, 6 mixes were carried out to flush 

the previous reactions solutions out of the dead space leading up to the reaction chamber. 

Absorbance was measured at 405 nm for buffers containing p-nitrophenol and 557 nm for 

buffers containing phenol red.  Standards were mixed with the Milli-Q water (also in a 10 mL 

BD Luer-Lok™ syringe) and a lamp voltage was selected once automatically using the Pro-Data 

software (Applied Photophysics Limited), and maintained for all reactions which followed.  Each 

standard was mixed with Milli-Q water for 5 to 10 traces, and the average of absorbance of these 

traces was used to generate the buffer factor (Q), as described in the introduction.   

For the reactions themselves, the carbonated saline water was mixed with both the 1×CA 

Buffer (the blank reaction) and the 1×CA Buffer containing PA5540 (the catalyzed reaction).   

An initial absorbance measurement was carried out for the first 100 seconds of both of the 

reactions in order to compare their time to completion.  Following this absorbance measurements 

were performed for 5 seconds on 10 sequential reactions, and the first 5% to 10% of this reaction 

(after mixing) was used in order to generate a linear fit.  The slope of the linear fit of the blank 

reaction was subtracted from that of the reaction with PA5540.  The buffer factor was used to 

convert this value into the catalyzed reaction rate (assuming steady state kinetics), and the 

concentration of protein within the sample was used to determine kcat.  For Km measurements, the 

blank and catalyzed reactions were carried out using the saline CO2 solutions with varying CO2 

concentrations.  The observed reaction rates at different CO2 concentrations can be used to create 

a Michaelis-Menten curve using SigmaPlot™ (Systat Software Inc., San Jose, CA, USA) in 

order to determine the kcat and Km .   

 Some earlier variants of the pH indicator assay did not involve H
+
 standards, and were 

used to make qualitative comparisons of CA activity across different samples.  Prior to the use of 
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the stopped-flow, some of these qualitative experiments were carried out by mixing CA buffer, 

purified PA5540, and CO2 saturated water via micropipette, and then measuring the absorbance 

over time using a Cary 100 Bio UV-visible Spectrophotometer (Agilent Technologies, 

Mississauga, ON, Canada).  These experiments were measured at 557 nm absorbance, and 

performed at 25°C using soda water and CA Buffer 1 (Table 2.2). 
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3.  Results 

3.1.  Insertion of PA5540 into pVLT31 

 The sequencing results for the pET28a(+)_PA5540_N-His isolated from E.coli DH5α 

confirmed that the correct sequence for PA5540_N-His was inserted into pET28a(+) in the 

correct orientation and location.  The XbaI and HindIII digest of this plasmid resulted in a band 

around the same location down the gel as the 700 bp ladder marker, and the expected product 

should have been 689 bp after digestion, suggesting that the digest was successful.  A higher 

molecular weight fragment likely corresponding to the remainder of the pET28a(+) vector was 

outside of the range of the 100 bp ladder.  The isolation of pVLT31 via Midiprep was also 

successful, with approximately 4.3 µg of DNA obtained.  The location of the band excised from 

the XbaI and HindIII digest of this product was just slightly above the 10,000 bp maker, and was 

expected to be around 10,000 bp (de Lorenzo et al 1993).  After ligation of the PA5540_N-His 

into pVLT31, a total of 3 colonies were found on the LB tetracycline plates inoculated with the 

transformed DH5α and none were found on the negative control.  Plasmid isolated from these 

colonies by miniprep was sent for sequencing, however sequencing was unsuccessful due to the 

low plasmid yield of pVLT31.  PCR of these plasmids using primer pair one (complementary to 

PA5540 without the His-tag) revealed that the insert was indeed present in the plasmid, with a 

band near the 600 bp marker being close to the expected 585 bp (Figure 3.1a).  After the plasmid 

was isolated from the E. coli DH5α and transformed into P. putida KT2442 the PCR was 

repeated, indicating the presence of the insert (Figure 3.1b).  For both E. coli DH5α and P. 

putida KT2442, the presence of tetracycline resistance which had been absent in negative 

controls, was taken as an indicator that the remainder of the pVLT31 plasmid was also present 

and functioning properly.  
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Figure 3.1. Agarose gels of products involved in the cloning of PA5540_N-His into pVLT31. 

PCR products of primer pair 1 using pVLT31_PA5540_N-His template isolated from (A) E. coli 

DH5α and (B) P. putida KT2442.  

A B 
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3.2.  X-Ray Crystallography of PA5540 

The solutions used in crystal screen refinements of PA5540 which resulted in positive 

crystal hits are listed in Table 3.1.  PA5540 crystals obtained from these refinements were either 

too small or had a globular appearance, and were therefore not of high enough quality to proceed 

to x-ray diffraction.  A good quality PA5540 crystal was discovered in a screen performed by 

Anton van der Ven, a former project student in the lab.  X-ray diffraction of this crystal was 

performed, yielding a resolution of 2.4 Å.  The structure was determined using molecular 

replacement with a 1.95 Å structure of metal depleted dimeric PA5540 protomer, and 

refinements of the structure were performed by the author.  The crystal structure revealed the 

presence of zinc in the active site and a structure similar to other γ-CA’s, as further discussed in 

section 4.1.  

3.3.  Qualitative analysis of activity using the pH indicator method 

The concentration of PA5540 in elution buffer used for the Wilbur-Anderson assay was 

19.0 mg/mL (870 µM).  With 220 nmol of PA5540 present in the 25.25 mL reaction volume, the 

PA5540 concentration in the reaction was 8.6 µM.  The average time to taken for the pH to drop 

from 8.3 to 6.3 for the blank reaction was 121.2 seconds, while the average time with 8.6 µM 

PA5540 was 34.0 seconds.   

 Mixing of 300 µL of soda water with 450 µL of CA Buffer 1 in the presence of 50, 25, 

12.5 and 0 µg PA5540 at 25°C, using the Cary 100 Bio UV-visible Spectrophotometer resulted 

in a more rapid decrease in absorbance for the reactions containing PA5540, than the reaction 

containing no enzyme.  The differences in reaction rates were minute, however, requiring 

additional conformation (the stopped-flow assay) to be certain of the presence of CA activity.   
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Table 3.1.  PA5540 crystal refinement conditions resulting in positive crystal hits.  The 

PA5540 was in crystal buffer and was mixed 1:1 with the listed mother liquor. 

 

Salt Buffer Precipitant Other Additive 

0.2 M NaKC4H4O6 0.1 M Na3C6H5O7 pH 5.6 

– 5.7 

0.8 - 1.32 & 2.0 M 

(NH4)2SO4 

none 

0.1 M NaH2PO4 & 

0.1 M KH2PO4  

0.1 MES pH 6.5 2.0 M NaCl none 

0.14 M KH2PO4 1.26 M NaH2PO4 none none 

0.2 M CaCl2 0.1 M HEPES Na pH 7.5 

- 7.6 

24 - 28% (v/v) PEG 400 none 

0.1 M NaCl 0.1 M Bis-Tris pH 6.5 1.5 M (NH4)2SO4 none 

0.2 M NaCl 0.1 M Na(CH3)2AsO2Na 

pH 6.5 - 6.6 

2.0 – 2.6 M (NH4)2SO4 0 – 10 % (v/v) 

glycerol 

None 0.1 M NaCH3COO pH 

4.6 

2.0 M (NH4)2SO4 none 

0.2 M MgCl2 0.1 M HEPES pH 7.5 30 % (v/v) isopropanol none 

None 0.1 M HEPES pH 7.5 20% (v/v) Jeffamine M-600 none 
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 Mixing of CO2 saturated water with CA Buffer 2 at 23 °C and absorbance measurements 

at 557 nm on the stopped-flow gave the following time to completion values for the reaction: ~ 

105 seconds for the blank, ~ 90 seconds for 9.1 µM PA5540 no metals added during induction, 

and ~ 40 seconds for 9.1 µM PA5540 induced in the presence of 500 mM CoCl2.   

 Another comparison of different PA5540 samples (including purifications from E. coli 

BL21 (DE3) in CA Buffer 2 mixed with CO2 saturated water in the stopped flow at 23 °C, gave 

the initial absorbance over time values listed in Table 3.2.  Attempts were made to have 5.7 µM 

of PA5540 in each of these reactions using the concentrations determined by ninhydrin 

quantification, and the relative amounts of PA5540 were compared on a SDS-PAGE gel (Figure 

3.2).  Samples appeared to have fairly similar quantities of PA5540, and purities estimated to be 

between 90 – 95% pure, with the exception of the PA5540 induced from P. putida with 500 µM 

ZnSO4, which had lower levels of PA5540 than the other samples and was approximately 50% 

pure.  This means the activity listed in Table 3.2. for this particular sample is underrepresented. 

3.4.  Improved purity and yield with cobalt resin 

 Switching to cobalt affinity chromatography for purification of the PA5540 without the 

use of a 10 mM imidazole wash resulted in both higher purity and yield than nickel affinity 

chromatography with a 10 mM imidazole wash prior to elution (Figure 3.3).  This is suggested 

by slightly higher protein levels near the 22 kDa size and slightly lower levels of high molecular 

weight contaminants for the cobalt affinity purified sample, as compared to the sample purified 

by the nickel affinity column. The purity of the sample depicted in Figure 3.3, lane D, is 

representative of the PA5540 sample purity used for all proceeding results, and is estimated to be 

>95% pure.  Yields using the nickel affinity column were 5 to 6 mg per litre of culture with the   
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Table 3.2.  Reaction rate comparisons of PA5540 induced under different conditions. 

Fastest reactions are at the top.  Approximately 5.7 µM of PA5540 was used in each reaction, 

however the 500 µM ZnSO4 induced P. putida, pVLT31 purification ended up being 

underrepresented, meaning that its relative activity is likely much higher than is indicated by this 

A557/second value. 

 

Expression system Metal added 

during induction 

Initial A557/second Rate of catalysis relative to 

lowest catalyzed rate
 A

 

P. putida KT2442, pVLT31 none -0.009552 664% 

E. coli BL21, pET28a(+) 500 µM ZnSO4 -0.007662 447% 

E. coli BL21, pET28a(+) 500 µM CoCl2 -0.006502 313% 

P. putida KT2442, pVLT31 500 µM CoCl2 -0.005779 230% 

P. putida KT2442, pVLT31
 
 500 µM ZnSO4 -0.005294 N/A 

B , C
 

E. coli BL21, pET28a(+) none -0.004650 100%  

Blank Reaction N/A 
C
 -0.003781 N/A

 C
 

A: Change in A557/second minus that of the blank reaction, as a percentage of the slowest 

catalyzed A557/second value minus that of the blank reaction 

B: Activity is underrepresented and cannot be fairly compared 

C: Not applicable 
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Figure 3.2.  SDS-PAGE demonstrating attempts to load equivalent amounts of the PA5540 

listed in Table 3.2.  Expected MW of PA5540 with the His-tag is 22 kDA. 
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Figure 3.3.  Sample purity of PA5540 purified using cobalt charged resin as compared to 

nickel charged resin.  Lane A is PA5540 purified on a nickel column, while lane D is PA5540 

purified on a cobalt column.  All other lanes are samples purified on nickel columns: B is an 

uninduced sample, C is a concentrated sample, and E is a sample in which 10 µM ZnSO4 was 

added to purification buffers. 
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10 mM imidazole wash, and up to 16 mg per litre of culture using the cobalt affinity column 

without the imidazole wash step. 

3.5.  Early estimates of activity 

 Early kcat estimates carried out in CA Buffer 2 at 23 °C using a set of H
+
 standards which 

were made with ~37% HCl, as opposed to the volumetrically analyzed 1.040 N HCl used in later 

experiments, gave a rough kcat estimate of ~ 500 s
-1

 for PA5540.  This same experiment carried 

out with Bovine CA resulted in an estimated kcat of ~ 2×10
5
 s

-1
.   

3.6.  Adding metal to purified sample in attempts to increase activity  

 Attempts to maintain a reducing environment for PA5540, in order to add ferrous iron to 

the active site, proved problematic.  When PA5540 samples were placed in a Bug Box Anaerobic 

Workstation with an anaerobic gas mix at 37 °C, the high temperature was observed to cause 

precipitation of the protein.  Addition of 10 mM Tris 2-carboxyethyl)phosphine (TCEP) (in order 

to maintain a reducing environment) caused the pH of CA assay buffers to drop and thereby 

interfered with the colourimetric pH indicator assay.  

 Direct addition of even 1 µm of ZnSO4 to concentrated PA5540 samples caused 

extensive precipitation, although addition of CoCl2 did not have this affect.  Dialysis with 2 µm 

ZnSO4 (rather than direct addition) did not cause precipitation.  The results of an activity assay 

carried out in CA Buffer 3 with 5.00 µM each of undialyzed PA5540, PA5540 dialyzed with 2 

µm ZnSO4, and PA5540 dialyzed with 2 µm CoCl2, are listed in Table 3.3.  No metal was added 

during induction and the samples were from the same purification.  The assay was performed 

prior to refinement of the pH indicator method, and the standards were made with ~37% HCl, as   
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Table 3.3.  Relative activity of 2 µm ZnSO4 and 2 µm CoCl2 dialyzed PA5540 samples as 

compared to an undialyzed PA5540 sample using CA Buffer 3 at 23 °C.   

 

Sample Activity relative to undialyzed sample 

Undialyzed PA5540 100 % 

2 µm ZnSO4 dialyzed PA5540 136 % 

2 µm CoCl2 dialyzed PA5540 124 % 
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the volumetrically analyzed 1.040 N HCl was not yet available within the lab.  For these reasons 

the kcat values cannot be considered accurate, however the relative activities across the samples 

still hold.  The 2 µM ZnSO4 dialyzed PA5540 was 36 % more active than the undialyzed 

PA5540, more active than the undialyzed PA5540, and the 2 µm CoCl2 dialyzed PA5540 was 24 

% more active. 

3.7.  Affect of His-tag on PA5540 kcat 

 Although a lot of time was put into cloning the PA5540 without a His-tag into pVLT31, 

none of the ligations yielded positive transformants.   A bovine plasma thrombin digest of the 

His-tagged PA5540 expressed in P. putida was suggested to have removed the 2 kDa His-tag and 

thrombin cleavage site due to the slightly lower molecular weight of the cleaved sample as 

compared to the uncleaved sample (Figure 3.4), although this sample appeared to be composed 

of two bands.  After performing a CA activity assay using CA Buffer 4 at 23 °C, an estimated 

kcat of 224 ± 12 s
-1

 was found for the tagless PA5540.  It should be noted that the PA5540 sample 

used in this assay had been stored at 4 °C for 1 month at this point, as compared to 3 days or less 

for the other samples.  SDS-PAGE of a fresh sample of PA5540 digested by thrombin resulted in 

fragments at many different molecular weights, suggesting that the sample was overdigested.  

Due to this overdigestion, accurate quantification of the tagless PA5540, and therefore 

determination of kcat values as well, was not possible.  Analysis of time to completion for the 

reaction using the stopped-flow did not suggest particularly high activity within the sample, 

however. 
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Figure 3.4. SDS-PAGE gel showing the PA5540 sample after His-tag removal using bovine 

plasma thrombin.  Expected molecular weight is 22 kDa with the His-Tag and 20 kDa without 

the His-Tag.  Due to the nature of the purification bands corresponding to PA5540 cleaved of the 

His-tag are present in the sample in which uncleaved protein is the primary component. 
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3.8.  kcat values determined with different buffers  

Following improvements in the protocol for the pH indicator method, it was possible to 

obtain more accurate kcat values (or more accurately, maximum observed rates).  The kcat of 

PA5540 at 25°C in the Cl
-
 free buffer in which Del Prete et al. (2013) found maximal PgiCA 

activity (CA Buffer 5, pH 8.30) was determined to be 660 ± 230s
-1

.  The kcat of PA5540 at 25°C 

in the buffer used by Zimmerman et al. (2010) (CA Buffer 6, pH 7.50) to improve Fe
2+

 CamH 

activity by having imidazole substitute for the missing proton shuttle residue (PSR), was 

determined to be 341± 67 s
-1

.  A full kinetic characterization of PA5540 at 25°C in a buffer 

containing 20 µM ZnSO4 (CA Buffer 7, pH 8.30) was attempted.  While a kcat of 262 s
-1

 was 

initially determined, a detailed examination of the data at some CO2 concentrations showed a 

faster time to completion for samples with no PA5540, as compared to samples containing 

PA5540.  This suggests that during the exchange of the syringe containing the CO2 solution on 

the stopped-flow, some of the gas may have been escaping, thereby making Km determination 

impossible and invalidating this kcat result.  An attempt to carry out full kinetic characterization 

in CA buffer 5 was abandoned due to abnormal absorbance readings for the blank reaction. 
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4.  Discussion 

4.1.  Structural Comparisons to other γ-CA’s 

 The crystal structure of PA5540 demonstrates significant similarity to the structure of 

other γ-CA’s (Figure 4.1).  From a top down view of PA5540 (Figure 4.1a) the protein is seen as 

a trimer, with each protomer having a triangular shape when looking through their left-handed 

parallel β-helices (LβH).  As zinc sulfate had been added to the protein sample by Anton van der 

Ven prior to the crystal screen (which I was unable to replicate without protein precipitation) a 

zinc ion was found at the active site, which is located at the interface between the protomers as is 

the case for other γ-CA’s.  Each LβH is composed of 7 turns, as is the case for Cam and CcmM 

(Figure 4.1b).  Also like other γ-CA’s, a short α-helix is capping the top of the LβH, and the 

protein terminates in a long α-helix running antiparallel to the LβH for its entire length. The 

loops connecting turns are generally short, and very uniform, except the first one, which is more 

variable. 

 PA5540 appears to fall under the same subfamily of γ-CAs that CamH belongs to, as 

shown by sequence alignments (Figure 1.4). As a crystal structure for CamH has not yet been 

determined, PA5540 is the first known representative of this important subclass for which a 

crystal structure has been solved.  Comparing the structure of PA5540 to Cam and CcmM 

(Figure 4.1b), the overall structure bears a strong resemblance, but there are several important 

differences in the details of the organization of the protomer. One key set of differences is in the 

set of loops in the first four turns of the α-helix which together block off the base of the catalytic 

site. CcmM and Cam have an extended loop after the first β-strand that contains the conserved 

tryptophan W13 that packs onto the C-terminal helix and forms an important activity switch in  
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Figure 4.1.  Structure of PA5540.  (A) A crystal structure of PA5540 obtained from a 2.4 Å 

diffraction.  α-helices are shown in red, β-sheets are shown in yellow, and the zinc found within 

the crystal is shown as grey spheres. (B) An alignment of a PA5540 protomer (green) with Cam 

(cyan) and CcmM (magenta).  

A B 
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CcmM (Peña et al., 2010).  In PA5540, this loop is very short and does not interact with the C-

terminal helix. The loop between turns 3 and 4 of the LβH is also long in CcmM and Cam, and 

contains the PSR in the latter enzyme. These enzymes have a short antiparallel β-ribbon motif 

(which does not have a clearly defined function ascribed) as part of this loop; in PA5540 this 

entire region is replaced by a short loop.  PA5540 does however have the loop in turn 3 

elaborated relative to what is seen in CcmM and Cam; this loop occupies a similar position to 

loop 4 of Cam, and also contains a pair of acidic residues, hinting at a possibly analogous role. 

Finally the small α-helix cap at the C-terminal end of the LβH is shorter and displaced in position 

relative to the corresponding feature in Cam and CcmM.  

The structure of the active site of PA5540 is also characteristic of a γ-CA.  As depicted in 

Figure 4.2, the zinc coordinating histidines residues of PA5540 are appropriately oriented to 

coordinate the catalytic zinc ion.  A phosphate ion was also present in the crystal at the location 

in which the substrate likely binds.  The catalytic site contains all residues known to be 

absolutely required for catalysis, and these residues were found in approximately the same 

orientation for all three structures.  A glutamic acid on PA5540 was not found anywhere near the 

location of the PSR Glu84 of Cam.  This possibility had already been suggested by earlier 

multiple sequence alignments (Figure 1.4).  The closest residue to this location on PA5540 

appeared to be Ser75, and as Tripp and Ferry (2000) have shown that serine substitutions of 

Glu84 in Cam result in a significant decrease in kcat, Ser75 of PA5540 is most likely unable to 

act as a PSR.  No obvious  ionizable residues capable of fulfilling the role of PSR were apparent 

anywhere else near the surface of the active site, however Lys74 might be able to depending on 

its pKa. The presence of the key catalytic residues and the overall structure of the protein do 

suggest that PA5540 is a γ-CA, however. 



56 

 

 

Figure 4.2.  Comparison of the active site structure of PA5540 to γ-CA’s Cam and CcmM.  

The active site of a PA5540 crystal structure obtained from a 2.4 Å diffraction is depicted in 

green, Cam is cyan, and CcmM is magenta.  Catalytic residues are listed by Cam numbering, 

except for Glu84 for which the nearest most residues of PA5540 and CcmM are depicted and 

labeled according to their own residue numbering.  The location of the zinc for all 3 structures is 

represented by a sphere, coloured according to it corresponding crystal structure, and a 

phosphate ion found in the PA5540 crystal is shown in orange, and is representative of the 

approximate substrate binding location. 
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4.2.  Possible Reasons for low activity 

4.2.1.  Absence of a proton shuttle residue 

 As evidenced by sequence alignments (Figure 1.4) and structural alignments (Figure 4.2) 

an analog to the PSR Glu84 of Cam (Tripp and Ferry, 2000) is absent in PA5540, suggesting 

PA5540 may behave similar to CamH for which the PSR is also missing (Zimmerman et al., 

2010).  It was demonstrated that Glu84 of Cam can be replaced with ionizable residues histidine 

and aspartic acid and still retain similar levels of activity, however neither of these residues are 

present in PA5540 at the location of Glu84 in Cam (Figure 4.2).  Zinc bound water molecules 

have a pKa of 7 rather than 14 (Tu et al., 1989), thereby increasing the rate of H
+
 dissociation, 

which is required to regenerate the OH
-
.  Without the presence of residues capable of shuttling 

these protons out of the active site, and essentially leaving this up to the rate of diffusion, the kcat 

could not exceed 10
4
 s

-1
 however, even with this increase in dissociation (Tripp and Ferry, 2000).  

Tripp and Ferry (2000) postulated that the low molecular weight of imidazole (68.1 g/mol) 

would allow it to fit into the active site of CamH, and they were able to raise activity of CamH 

containing iron by 4.65 times using a similar buffer to CA buffer 6.  The kcat of 342 ± 67s
-1

 of 

PA5540 found with this buffer did not suggest that imidazole was able to act as a PSR for 

PA5540.  Unlike the experiment performed by Zimmerman et al. (2010) which was only 

performed with the Fe
2+

 form of Cam, these experiments were carried out with PA5540 induced 

in the presence of zinc and therefore a direct comparison between the two cannot be made.  It is 

still possible that imidazole could boost the kcat of PA5540 containing iron, but until a reasonable 

means of obtaining this variant of the protein is achieved, it cannot be said with certainty.  Based 

on the apparent absence of a PSR however, and the fact that the highest measured kcat for 

PA5540 was 660 ± 230 s
-1

, it is probable that even under optimal buffer and substrate conditions 
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and the presence of the correct catalytic metal, PA5540 would not be able to exceed a kcat of 10
4
 

s
-1

. 

4.2.2.  Absence of iron from the active site 

 Due to the absence of the acidic loop found in Cam, the apparent absence of the PSR, and 

overall higher identity and amino acid similarity to CamH, it is likely that PA5540 may be 

expected to behave more similarly to CamH than Cam.  This certainly appears to be the case in 

terms of kcat, where at pH 7.5 Zn-Cam had a kcat of 116400 s
-1

, Zn-CamH had a kcat of 493 s
-1

 

Zimmerman et al. (2010), and PA5540 induced with zinc had a kcat of 341.6 s
-1

.  Based on the 

fact that PA5540 falls under a zur operon, and is theoretically only expressed in the absence of 

zinc, it is unlikely that Zn
2+

, is actually the native metal for PA5540.  I would suggest that iron is 

likely the active metal, and given the necessary equipment to purify the protein under anaerobic 

conditions with Fe
2+

, or at the very least incorporate it after purification, PA5540 may be able to 

achieve a kcat on the order of 10
3
 s

-1
 as is the case for CamH, which is able to achieve an 

approximate a kcat of 7×10
3
 s

-1
 at pH 8.3 and above (Zimmerman et al., 2010).  Nevertheless due 

to the apparent absence of a PSR, I do not anticipate that PA5540 would be capable of exceeding 

a kcat of 10
4
 s

-1
 even if iron were properly incorporated. 

On another note, the results for attempts to incorporate Co
2+

 into PA5540 were 

unexpected.  Initially it was anticipated that PA5540 would have a higher activity with Co
2+

 than 

it would with Zn
2+

, however, based on the dialysis performed with these metals (Table 3.1) 

PA5540 appeared to be 10% more active with Zn
2+

 than Co
2+

.  This is very different than the 

case of Cam, for which the Co
2+

 form of the enzyme was approximately twice as active as the 

Zn
2+

 form (Tripp et al., 2004).  Without metal quantification, however, it is not possible to know 
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whether the slightly lower activity with cobalt is the result of actual effects of the metal on 

catalysis, or if it is a result of lower levels of uptake into the active site as compared to zinc. 

4.2.3.  Presence of the His-Tag 

            Due to the relatively low kcat of PA5540, the presence of the His-tag was suspected as a 

possible reason for the low activity, despite the fact that the crystal structure suggests that the His 

-tag is unstructured.  PA5540 is a metallozenzyme which uses divalent metal ions, to which the 

His-tag also binds, thereby suggesting a possibility that the His-tag may be capable of interfering 

with catalysis.  There was also the worry that Ni
2+

 from the chromatography column may have 

been replacing the metal within the active site of PA5540, and Ni
2+

 within the active site of Cam 

has been shown to result in very low levels of activity (700 s
-1

) (Tripp et al., 2004).   This issue 

was mostly alleviated by switching to a Co
2+

 column.  While the data obtained from cleaving the 

His-tag with thrombin was not ideal, due to sample age in one case and over-digestion in 

another, it can be said at the very least that there was no observed evidence of increased activity 

after the thrombin cleavage of the His-Tag.  

            With regards to the SDS-PAGE analysis depicted in Figure 3.4, the presence of two 

bands of slightly different molecular weight in the cleaved sample may indicate that the thrombin 

was cleaving at the RG peptide bond in the LVPRGS cleavage sequence, as well as at a second 

location near either the N- or C-terminus. Bands corresponding to the tagless PA5540 molecular 

weight were likely present in the tagged sample due to trimer formation during purification, 

which would enable untagged protomers to remain in the column due to interaction with other 

protomers whose histidine tags had not been cleaved by thrombin. 
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4.3.  Interpreting the Kinetic data 

 The data shows beyond a doubt that PA5540 is an active carbonic anhydrase.  Although it 

was initially anticipated that PA5540 may have activity at a level comparable to Cam, data 

indicates its activity may be more similar to that of CamH.  The assay itself is quite reliable, 

however there are a few issues which need to be addressed.  

 First of all, the kcat measurements (or more accurately the maximum observed rate) for 

PA5540 have quite a large degree of variance.  With regards to some of the earlier 

measurements, a large degree of this variance can be attributed to inaccuracy of the assay.  While 

Khalifa (1971) has outlined the pH indicator method of measuring CA activity in great detail, it 

nevertheless took some time to develop a usable protocol using the materials and equipment 

available within locally.  Furthermore measurements were typically only performed once in each 

buffer, and not repeated.  These buffers had different components, which would result in 

different obtained kcat values.  Due to the nature of the reaction, buffers with a higher pH would 

be expected to result in a faster reaction.  Different ionic strengths will also affect the reaction, 

although the manner and degree of the effect would only be known if the reaction were repeated 

under the same buffer conditions except for the ionic strength, which would be adjusted with the 

appropriate salt.  Other factors such as the buffering component concentration, indicator 

concentration and other additives such as the 20 µM Zn
2+

 in CA Buffer 7 could all have an effect 

on the activity.  The causes for these differences in kcat were not fully investigated as they were 

not the main focus of the thesis.  Initially the goal was to find a condition that would result in a 

high kcat, ideally one comparable to Cam (on the order of 10
5
 s

-1
), and therefore when a buffer 

proved to not meet these conditions a new buffer or method of induction was carried out, rather 

than investigating the cause of the new kcat value. 
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 A major issue with the pH indicator assay is the inability to directly determine the 

concentration of the CO2 substrate.  For this reason it is common to bubble CO2 into water at 

atmospheric pressure for several hours, assume the water to be fully saturated with CO2, and then 

mix it with degassed and or N2 replaced water in accurately measured volumes (Khalifa, 1971).  

As we did not have the proper syringes for accurately mixing to solutions in an airtight 

environment, the formula outlined by Cai and Wang (1998) was used to infer CO2 concentration 

from pH, salinity, and temperature.  Regardless of which method is used, an assumption is being 

made.  For the first method you are assuming that solution has reached saturation under a 1 

atmospheric partial pressure of CO2.  This value is around 34 mM in pure water at room 

temperature, but will vary with the exact temperature of the solution and partial pressure of CO2 

in the surrounding air.  For the formula method you are assuming accuracy of the pH meter and 

the formula itself.  It may nevertheless be worth purchasing the appropriate gas tight syringes 

and using the more common method for future experiments on CA’s. 

 Another issue regarding the assay as it was carried out in this thesis is the absence of 

degassing the buffers, as is common practice in the pH indicator assay.  The standard partial 

pressure of CO2 is 3.355×10
-4

 Atm and the solubility of CO2 at 25°C is 0.0338 mol • L
-1 

• Atm
-1

, 

which means the amount of CO2 present in the buffers without degassing is only 8.6 µM.  This is 

over a thousand times lower than the CO2 concentrations used as substrate in the assay, and it is 

therefore unnecessary to attempt to keep the buffers completely free of CO2. 

4.4.  PgiCA may not act as a γ-CA in vivo 

PgiCA from Porphyromonas gingivalis has been very recently characterized by Del Prete 

et al. (2013).  The authors have measured a kcat of 4.1×10
5
 s

-1
 which is 6.7 times higher than that 
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of Cam, a Km of 7.5 mM which is 9.3 times lower than that of Cam, and a kcat/Km of 5.4 10
7
 M

-1
 • 

s
-1

 which is 62 times higher than that of Cam.  There are a number of issues with this study, 

however, which would suggest that PgiCA actually serves some role other than that of a γ-CA 

within the cell.  Perhaps most striking is the wide variety of anions which are capable of 

inhibiting PgiCA activity at even µM levels of concentration.  Cl
-
 and SO4

2-
 for example are 

common buffer components in CA assays, including many of those which were used for 

PA5540.  These ions have virtually no inhibitory effects on Cam, having a KI of >200 mM 

(Innocenti et al., 2004), whereas for PgiCA Cl
-
 had a KI of 950 µM and SO4

2-
 had a KI of 8.7 

mM, necessitating in their complete removal from the CA assay buffer solutions in order to 

obtain the reported kcat and Km values.  Attempting to recreate these conditions using CA Buffer 

5 did result in the fastest, accurately determined kcat of 660 ± 230 s
-1

 reported for PA5540, 

however many earlier rough estimates using buffers containing SO4
2-

 were on this level of 

activity.  Furthermore the PA5540 assayed in CA Buffer 6 was able to achieve a kcat of 342 ± 67 

s
-1

 despite being at a lower pH of 7.50, and containing 11 mM Cl
-
 and 8 mM SO4

2-
 within the 

reaction chamber.  PgiCA would have much lower in vivo levels of CA than those reported here, 

as Cl
-
 and SO4

2-
 in the cytoplasmic environment of P. gingivalis will not be free of these ions. 

Another striking aspect with regards to the viability of PgiCA as a γ-CA is the lack of key 

catalytic residues Glu62 and Asn202 (Cam numbering).  This aspect of PgiCA is demonstrated 

in the multiple sequence alignment of PgiCA with other γ-CA’s and the thioesterases CaiE and 

PaaY from E. coli (Tefuel et al., 2012), as depicted in Figure 4.3.  Glu84 is missing as well, 

however as studies of Cam and PA5540 have shown, this PSR is required for catalytic rates 

greater than 10
4
 s

-1
, but is not required at lower activity levels.  Also of note is the presence of a 

tyrosine residue in place of Asn202, which is also the case for CaiE and PaaY; we propose that   
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Figure 4.3. Multiple sequence alignment of PgiCA with proven γ-CA’s and thioesterases 

CaiE and PaaY.  The alignment was generated using ClustalW2 and ESPript 2.2.  Due to the 

alignment being carried out in the order of protein similarity, residues are mainly numbered by 

CamH numbering except for those residues which are specifically annotated, which are 

numbered according to Cam numbering. As with Figure 1.4 metal coordinating histidines are in 

green, key catalytic residues are in purple, dimer stabilizing residues are shown in blue, the 

asparagine orienting Gln75 (Cam numbering) are shown in orange, and the Glu84 PSR is shown 

in black. 
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this residue combination is characteristic of thioesterase family members.  While the authors 

included a similar multiple sequence alignment in their paper, the fact that these key catalytic 

residues are missing is not properly explained and more or less brushed off as PgiCA belonging 

to a distinct subclass of γ-CA’s (being more closely related to those found in algae).  For these 

reasons, it is likely that PgiCA does not function as a γ-CA in vivo and actually plays another 

catalytic role, possibly that of thioesterase. 

4.5.  Variation in activity among CA’s 

 CA’s exhibit a wide range of activity, even among members of the same class.  In the 

case of γ-CA’s the obvious example of this is Cam compared to CamH, which for their Fe
2+

 

forms Cam has 5.9 times the kcat of CamH, but CamH has 1.9 times the kcat/Km of Cam 

(Zimmerman et al., 2010).  This may arguably make CamH the more efficient enzyme of the 

two, which bodes well for PA5540 if it does behave similarly to CamH, although evidence of 

this will require a full kinetic characterization of PA5540 with iron in the active site.  The 

purpose for the different activity patterns between these two enzymes is unclear, however they 

are believed to carry out their function in different locations of the cell.  Both Cam and CamH 

are upregulated in M. thermophila grown in the presence of acetate, which it metabolizes to 

methane and carbon dioxide within the cytoplasm (Ferry, 2010). The N-terminus of Cam is 

believed to act as a signal peptide for export from the cytoplasm, while CamH lacks this signal 

and stays within the cytoplasm (Ferry, 2010).  This may allow the CO2 within the cytoplasm to 

be rapidly converted into bicarbonate by CamH, which is then shuttled across the plasma 

membrane by an anion exchanger (which allows acetate in simultaneously) where its conversion 

back into CO2 is catalyzed by Cam, preventing the build up of bicarbonate (Ferry 2010). 
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Another well documented example of multiple CA’s having different activity is the 

human α-CA’s.  Human carbonic anhydrase II (HCA II) for example has a kcat of 1.4 × 10
6
 s

-1
 

(Khalifa, 1971), while human carbonic anhydrase III (HCA III) is the least efficient human α-

CA, and has a kcat of 200 s
-1

.  This is an even more dramatic difference than that between Cam 

and PA5540.  While HCA II is found in almost all cells in the human body, HCA III is found 

primarily in type I muscle where it aids in fatty acid metabolism (Hassan et al. 2013). 

Although these isoforms have relatively low activity, they still fulfill an important role 

within their host organism, and it is likely that PA5540 also plays an important role within P. 

aeruginosa.  As outlined in the introduction, due to PA5540 being under a zur operon, it is likely 

expressed and utilized when zinc is no longer available for the organism’s β-CA’s to function. 
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5.  Future Directions 

5.1.  Overview of possible future experiments 

There are many experiments which can be performed on PA5540 but were not carried out 

due to general time constraints, difficulties encountered throughout the thesis, and unavailability 

of specialized equipment.   These experiments are outlined below, and some of them could also 

be performed on other future and current CA’s studied within the lab (such as CcmM and the β -

CA CcaA from  Synechocystis sp. PCC 6803).  In general it may be more time and cost efficient 

to collaborate with other labs for many of these experiments.  Experiments specifically on γ-

CA’s, or those which require anaerobic purification could be carried out in collaboration with Dr. 

James G. Ferry’s lab.  Experiments with CA inhibitors could be carried out in collaboration with 

Dr. Claudia T. Supuran. 

5.2.  Purification and kinetic analysis with iron 

 Due to the high probability that PA5540 is more active with Fe
2+

, this is the most urgent 

experiment to perform.  The Ferry lab is able to perform the entire purification process under 

anaerobic conditions using a glove bag filled with nitrogen gas, and their buffers are degassed 

and then saturated with nitrogen as well (Tripp et al., 2004).  Rather than maintaining an 

anaerobic environment throughout purification however, it may be possible to reconstitute the 

protein with Fe
2+

 after purification.  A denaturing agent such as guanidine chloride could be used 

to unfold the PA5540, and a chelator such as Chelex-100 resin (Bio-Rad, Hercules, CA, U.S.A) 

or ethylenediaminetetraacetic acid (EDTA) may be used to remove the metal.  Following this, 

attempts could be made to refold the PA5540 in degassed and N2 saturated CA assay buffer 

containing Fe
2+

. 
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5.3.  pH dependency of PA5540 activity 

 As CA activity is highly dependent on pH, it is common to examine CA activity in 

buffers at different pH’s.  Although this was one of the initial goals of the thesis it was never 

properly carried out.  Since the results suggest that PA5540 may not be at full activity with Zn
2+

, 

it would be best to determine if it is indeed more active with Fe
2+

, and then use the more active 

of the two forms to determine the pH dependency.  The pH dependency of kcat and Km can be 

determined by the pH indicator method over a pH range of 6.0 to 9.0 using buffer/indicator pairs 

with pH values in increments of 0.3 to 0.4.  The buffer/indicator pairs used can be identical to 

those outlined by Alber et al. (1999).   Although pH dependency with buffers of equivalent ionic 

strength was not fully examined, evidence of the pH dependency of PA5540 is suggested by a 

kcat of  660 ± 230
 
s

-1
 at pH 8.30 (CA Buffer 5) vs. a kcat of  342 ± 67 s

-1
 at pH 7.50 (CA Buffer 6). 

5.4.  Determining PA5540 inhibitors 

 It is also likely that many of the previously characterized sulfonamide based Cam 

inhibitors (some of which are listed in Table 1.2) will also exhibit an inhibitory effect on 

PA5540.  By adding a known concentration of these inhibitors to the enzyme/buffer/indicator 

solution and determining the apparent change in Km, the inhibition constants (KI) of these 

compounds can be calculated using the Michaelis-Menten equation for competitive inhibition. 

The binding mechanism of drugs demonstrating inhibition may be determined by X-ray 

crystallography of PA5540 crystals either soaked with the drug, or co-crystallized with it.  The 

preference with which these compounds are tested will be determined by likelihood of inhibition 

determined through software-based binding simulations using the PA5540 crystal structure, and 

by testing those which are already clinically approved drugs first.  Compounds demonstrating a 
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significantly higher level of inhibition for PA5540 than their reported levels for human CA’s 

may be candidates for further studies.  It should be noted however, that inhibition of the purified 

protein does not represent in vivo inhibition, where the cell wall of P. aeruginosa, efflux pumps, 

or biofilm could all hinder delivery of the drug to the cell.  If feasible, those compounds shown 

to inhibit PA5540 growth in vitro may be added to P. aeruginosa PAO1 grown in flow cells 

supplied with zinc deficient media, in order to assay for the inhibition of growth in biofilm.   

5.5.  Examining regulation under the zur operon 

 Although Bielecki (2009) was able to demonstrate the upregulation of PA5540 in the 

lung tissue of cystic fibrosis patients, this does not prove that the enzyme is important for growth 

of P. aeruginosa.  A few simple experiments could be performed to help determine if it is.  

While PA5540 is located under a suspected zur operon, it has yet to be proven that PA5540 

requires the absence of zinc to be expressed in P. aeruginosa.  To demonstrate this, it may be 

possible to grow wild-type P. aeruginosa in media devoid of zinc and media with added zinc, 

and then compare PA5540 expression between the two using reverse transcription PCR.  If the 

PA5540 is upregulated in the zinc deprived media, it may then be worth examining the growth 

rate of these cultures under both aerobic and anaerobic conditions.  If the PA5540 has been 

upregulated in the absence of zinc, and the culture with more PA5540 is also growing faster 

under either aerobic or anaerobic conditions, it may then be worth examining the ability of P. 

aeruginosa to grow in lung tissue cultures after PA5540 has been knocked out. 

  



69 

 

7.  Conclusions 

Through structural comparisons we have demonstrated that PA5540 is a γ-CA due to overall 

structure, and the structural similarity of the active site to other γ-CA’s, particularly the presence 

of analogs of Asn202 and Glu62 of Cam.  Carbonic anhydrase activity was demonstrated, with 

the highest maximal observed rate being 660 ± 230 s
-1

.  This relatively low activity for a CA is 

most likely due to the absence of a proton shuttle residue, and the absence of Fe
2+

 as the catalytic 

metal, due to the lack of simple means by which to anaerobically purify the protein.  A full 

Michaelis-Menten curve has not yet been determined due to technical difficulties with the 

stopped-flow and pH indicator assay, and may or may not be determined by the end of 2013.  

Once this is determined the sample may be sent in for metal quantification by atomic absorption 

spectroscopy. 

 Should work be continued on PA5540, the next step would be to determine KI values 

using approved sulfonamide based drugs.   Experiments in PA5540 expression in the absence of 

zinc, and the ability of P. aeruginosa to grow in lung tissue may also be examined.  
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Appendix:  Solutions and Media 

 

2YT media 

16 g Tryptone 

10 g Yeast Extract 

5 g NaCl 

1 L Milli-Q 

(Autoclave the above solution) 

 

Binding buffer 

20 mM Tris 

500 mM NaCl 

10% (v/v) Glycerol 

pH to 7.9 with HCl 

Filter with 0.2 µm Millipore filter 

 

Cohesive buffer (5×) 

250 mM Tris-HCl, pH 7.6 

50 mM MgCl2 

25% (w/v) Polyethylene glycol molecular weight 8000 

(vortex and add the following) 

5 mM Adenine triphosphate 

5 mM Dithiothreitol 
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Column stripping buffer 

100 mM EDTA 

500 mM NaCl 

20 mM Tris 

pH to 8.0 with HCl 

 

Crystal buffer 

20 mM Tris 

150 mM NaCl 

pH to 7.9 with HCl 

Filter with 0.2 µm Millipore filter 

 

Destaining solution 

400 mL Methanol 

100 mL Glacial acetic acid 

500 mL Milli-Q water 

 

Elution buffer 

20 mM Tris 

500 mM NaCl 

10% (v/v/) glycerol 

500 mM Imidazole 

pH to 7.9 with HCl 

Filter with 0.2 µm Millipore filter 
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LB media 

10 g Tryptone 

5 g Yeast extract 

10 g NaCl 

1 L Milli-Q water 

(Autoclave the above solution) 

 

Ninhydrin reagent 

800 mg Ninhydrin 

30 mL Ethylene glycol 

10 mL 4 M NaAcetate, pH 5.5 

Dissolve using stirbar and minimal to no heating, then add 

1 mL of 100 mg SnCl2/mL Ethylene glycol 

 

SDS-PAGE loading buffer (6×) 

1.2 mL of 0.5 M Tris pH 6.8 

5 mL of 50% (v/v) Glycerol 

2 mL of 10% (w/v) SDS 

0.5 mL β-mercaptoethanol 

1 mL of 1% (w/v) Bromophenol blue 

0.3 mL Milli-Q water 
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SOC media 

20 g Tryptone 

5 g Yeast extract 

0.5 g NaCl 

10 mL of 250 mM KCl 

975 mL Milli-Q water 

Adjust to pH 7.0, autoclave, and add  

5 mL of 0.2 µm filter sterilized 2 M MgCl2 

20 mL of 0.2 µm filter sterilized 1 M glucose 

 

Staining solution 

400 mL Methanol 

100 mL Glacial acetic acid 

500 mL Milli-Q water 

 


