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ABSTRACT 

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes that can be found in 
almost all living organisms. They catalyze a vital chemical reaction: the reversible 
hydration of carbon dioxide (CO2 + H2O ⇋ H2CO3 ⇋ HCO3− + H+). It is part of 
multiple physiological and metabolic processes, such as pH regulation, 
gluconeogenesis and photosynthesis. CAs are divided into eight families, from which 
the human genome only involves α-CAs. Many pathogens, such as bacteria and 
parasites, also have CA enzymes from other families.  

Schistosoma mansoni is a parasitic blood fluke that causes intestinal infection in 
many tropical and subtropical areas. Entamoeba histolytica and Acanthamoeba castellanii 
are amoebae that cause different infections in humans. E. histolytica causes intestinal 
infection, and A. castellanii mainly infects the cornea but also causes invasive 
infections in immunocompromised people. The infections of these parasites are 
common globally, and unfortunately, the diagnosis and treatment are often delayed. 
The infections can be lethal, and at their mildest, they cause a significant reduction 
in the quality of life. My study aims to find a faster and more effective way to detect 
A. castellanii from a biological sample and discover new potential drug candidates to 
treat these parasitic infections.  

In my thesis, I produced the β-CAs of E. histolytica and S. mansoni using Escherichia 
coli as a protein production organism. We studied the inhibitory effects of many 
known CA inhibitors and identified several promising candidates or potential leads 
for further development. In addition, we developed a novel rapid diagnostic method 
to detect A. castellanii from a biological sample. The novel method could replace the 
current gold standard, sample culture, which is slow in clinical diagnostics. We 
established a new method to investigate potential drug candidates for treating A. 
castellanii, as the current treatment options are only moderately effective and have 
many adverse side effects. By this method, we tested several clinically used CA 
inhibitors with interesting outcomes.  

Dorzolamide and acetazolamide were found to be new promising options for 
treating Acanthamoeba keratitis. The advantage of these drugs is also the long use 
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history with human patients in treating other conditions, which has made the side 
effects and risks very familiar to medical staff. Unfortunately, acetazolamide was only 
moderately effective against the β-CAs of S. mansoni and E. histolytica, as was 
dorzolamide against the β-CA of E. histolytica. In contrast, dorzolamide was an 
effective inhibitor against the β-CA of S. mansoni. We also found many other effective 
inhibitors against the β-CAs of E. histolytica and S. mansoni.  

This thesis increases the knowledge and options to use the CAs of parasites to 
diagnose and treat infections caused by parasites.  

 

ix 

TIIVISTELMÄ 

Hiilihappoanhydraasit (carbonic anhydrase, CA) ovat metalloentsyymejä, joita 
esiintyy kaikkialla elollisessa luonnossa. Niiden tehtävä on katalysoida elintärkeää 
käänteistä reaktiota: hiilidioksidin hydraatiota hiilihapoksi (CO2 + H2O ⇋ H2CO3 ⇋ 
HCO3- + H+). Reaktio on osana monissa fysiologisissa ja metabolisissa prosesseissa, 
kuten happo-emästasapainon säätelyssä, glukoneogeneesissa ja yhteyttämisessä. 
Hiilihappoanhydraasit jaetaan yhteensä kahdeksaan perheeseen, joista ihmisillä 
esiintyy vain ensimmäisenä löydettyä α-entsyymiperhettä. Monilla taudinaiheuttajilla, 
kuten bakteereilla ja loisilla, on myös muiden hiilihappoanhydraasiperheiden 
proteiineja.  

Schistosoma mansoni on suolistotulehdusta aiheuttava halkiomato, jota esiintyy 
endeemisenä monilla trooppisilla ja subtrooppisilla seuduilla. Entamoeba histolytica ja 
Acanthamoeba castellanii ovat ihmisille infektioita aiheuttavia ameboja. E. histolytica 
aiheuttaa suolistotulehdusta ja A. castellanii pääasiassa sarveiskalvon tulehdusta, sekä 
immuunipuutteisille henkilöille myös syviä infektioita. Yhteistä näille loisille on, että 
niiden diagnostiikassa tai hoidossa on puutteita, ja ne ovat globaalisti erittäin yleisiä. 
Niiden aiheuttamat sairaudet voivat olla tappavia, ja aiheuttavat lievimmilläänkin 
merkittävää elämänlaadullista haittaa. Väitöskirjatutkimukseni tavoitteena on löytää 
nopeampi menetelmä tunnistaa A. castellanii biologisesta näytteestä sekä löytää uusia 
potentiaalisia lääkeainemolekyylejä näiden kolmen loisen aiheuttamien sairauksien 
tehokkaammaksi hoitamiseksi.  

Väitöstutkimuksessani tuotin E. histolytican ja S. mansonin β-hiilihappoanhydraasit 
Escherichia coli -bakteereissa. Tutkimme hiilihappoanhydraasien inhibiittorien 
vaikutusta tuotettuihin entsyymeihin, ja löysimme useita lupaavia inhibiittoreita. 
Lisäksi kehitimme uuden nopean diagnostisen menetelmän A. castellaniin 
havaitsemiseksi näytteestä, sillä nykyinen ameban viljelyyn perustuva menetelmä on 
kliiniseen diagnostiikkaan liian hidas. Nykyiset A. castellaniin aiheuttamien 
infektioiden hoitoon käytetyt lääkkeet ovat vain kohtalaisen tehokkaita ja niihin liittyy 
useita haittavaikutuksia, joten kehitimme uuden menetelmän uusien lääkeaineiden 
etsimistä varten ja testasimme useita, jo kliinisessä käytössä olevia 
hiilihappoanhydraasin estäjiä menetelmällämme.  
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Havaitsimme, että dorsolamidi ja asetatsoliamidi ovat lupaavia uusia vaihtoehtoja 
akantamebakeratiitin hoitamiseksi. Niiden etuna on pitkään jatkunut käyttö 
ihmispotilaiden muiden sairauksien hoidossa, joten niiden haitta- ja sivuvaikutukset 
ovat tunnettuja. Valitettavasti asetatsoliamidi on vain kohtalaisen tehokas 
inhiboimaan E. histolytican ja S. mansonin β-hiilihappoanhydraaseja. Dorsolamidi on 
tehokas inbiittori S. mansonin β-hiilihappoanhydraasia vastaan, toisin kuin E. 
histolytican β-hiilihappoanhydraasia se inhiboi huonosti. Onneksi moni muu 
inhibiittori on tehokas estämään niiden molempien toimintaa.  

Tämä väitöskirja lisää tietoa ja mahdollisuuksia hyödyntää hiilihappoanhydraaseja 
loisinfektioiden diagnostiikassa ja hoidossa.  
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1 INTRODUCTION 

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes indispensable for life. 
They are ubiquitously found in most living organisms from single-celled plankton to 
humans. They catalyze the reversible hydration of carbon dioxide: CO2 + H2O ⇋ 
HCO3− + H+ (Chegwidden and Carter 2000).  

CAs are classically divided into eight families: α-, β-, γ-, δ-, ζ-, η-, θ- and ι-CAs, of 
which the human genome involves enzymes from the α-family only. All CAs have a 
highly conserved active site, containing two-valent metal ions, such as zinc (Zn2+), 
iron (Fe2+), or cobalt (Co2+), hence the name metalloenzyme (Akocak and Supuran 
2019). CAs take part in many physiological processes, for example maintaining the 
pH in cells (Supuran 2018). They are under intense research for use as targets for 
antimicrobial agents to treat infectious diseases because of the threat of rising 
antimicrobial resistance. Novel carbonic anhydrase inhibitors (CAIs) have been 
synthesized and tested to create compounds targeting only a specific CA-family to 
minimize potential adverse side effects (Pastorekova et al. 2004; Nocentini, Capasso, 
and Supuran 2023). Disease-causing parasites have CAs from other families than the 
α-CAs present in humans. Therefore, the CAs of different parasites are under 
investigation to be used as drug targets to treat the diseases.  

Parasitic diseases are a major global health threat, but their disease burden is 
mostly concentrated in developing countries. The World Health Organization 
(WHO) has listed 20 diseases caused by bacteria, viruses and parasites into a 
heterogeneous group of neglected tropical diseases (NTDs). NTDs are prevalent 
mostly in rural areas, low-income countries and conflict zones. They are neglected 
as they are often not included in global health agendas. Even the second most lethal 
parasitic disease in the world, schistosomiasis, is on the list of NTDs (Gundamaraju 
2014; Siqueira et al. 2017). Access to treatment with praziquantel or oxamniquine (da 
Silva et al. 2017) is low, as only 15% of children in need of treatment receive it 
(Siqueira et al. 2017). On the contrary, malaria, the most lethal parasitic disease, is 
not on the list of NTDs and is far better known and treated (WHO). 
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Endemic to the same areas as schistosomiasis, amebiasis is an intestinal infection 
is caused by Entamoeba histolytica, a pathogenic amoeba. It affects millions of people 
annually and is a huge cause of morbidity (Shirley et al. 2018). Amebiasis is treatable, 
but the treatment is two-phasic, which increases the risk of treatment failure 
(Rashidul Haque et al. 2003). 

Another amoeba, Acanthamoeba castellanii, is an opportunistic pathogen mainly 
causing sight-threatening keratitis, an infection of the cornea (Maycock and Jayaswal 
2016). Although the infection is only rarely invasive, it is a significant cause of 
monocular blindness and thus, causes loss of quality-adjusted life years. Keratitis is 
difficult to diagnose as its clinical manifestation resembles bacterial and viral eye 
infections, and the gold standard diagnostic method is culturing of the sample, which 
is very time-consuming (Chew et al. 2011). Even with thorough treatment involving 
different eye drops for several weeks, the eye sight may still be lost as a result of 
keratitis.  

This thesis aims to develop tools and methods which could improve the diagnosis 
and treatment of different parasitic infections. We produced the selected CAs as 
recombinant proteins which were further characterized using biochemical methods. 
We also established an amoeba culture in our facilities and developed a novel PCR-
based diagnostic method and drug screening assay for A. castellanii. 
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2 REVIEW OF LITERATURE 

2.1 General aspects of CA enzymes 
The presence of a carbonic acid dehydrating enzyme in blood was first suggested in 
the 1920s when it was observed that the theoretical reaction speed of uncatalyzed 
hydration of carbon dioxide seemed too slow for physiological purposes (Baird 
Hastings et al. 1927). However, it took roughly ten years before the first carbonic 
anhydrase (CA, EC 4.2.1.1) was discovered in the red blood cells of human in 1932 
(Meldrum and Roughton 1933a; 1933b). Almost at the same time, the first two 
human CAs, named CA I and CA II, were discovered in human erythrocytes 
(Meldrum and Roughton 1933b). These two CAs belong to the alfa-CA family. Only 
a few years later, in 1939, a CA from a plant was found, which, decades later, was 
discovered to belong to a new family of CAs, β-CAs (Neish 1939). Since then, the 
discovery of new carbonic anhydrases has been extensive, because CAs are 
ubiquitous in nature. They have an important role in the reversible hydration of 
carbon dioxide (CO2) (Figure 1):  

CO2 + H2O ⇋ H2CO3 ⇋ HCO3− + H+ 

CAs are central to many processes in cells, especially in glucogenesis, urea 
synthesis, lipogenesis, and photosynthesis in autotrophs, because they provide 
bicarbonate to reactions and/or maintain the optimal pH value for the cell reactions 
(Supuran 2018). CAs also play a significant role in transforming CO2 into a soluble 
form to prevent cell damage, the reaction they were initially discovered from 
(Gilmour 2010). However, the functions of CAs are not always beneficial for the 
organism, as CAs also contribute to maintaining optimal pH value for tumor growth 
(Mboge et al. 2018) and to enhancing vascular calcification, thus promoting the 
development of atherosclerosis (Adeva-Andany et al. 2015; Yuan et al. 2019). 
Because of the multiple roles of CAs, many drugs targeting them have been 
developed to treat a variety of conditions, for example glaucoma and epilepsy 
(Supuran 2018).  
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Figure 1.  Catalytic mechanism of an α-class carbonic anhydrase. Three amino acids coordinate the 

metal ion (Zn2+). In step 1 Zn2+ disintegrates the proton (H+) from the water molecule (H2O) 
producing a Zn2+ -coordinated hydroxide ion (OH−). Then OH− performs a nucleophilic attack 
on the oxygen molecule of carbon dioxide (CO2) (step 2) resulting in bicarbonate ions 
(HCO3−). HCO3− is released from Zn2+ regenerating the active site (step 3) and a new water 
molecule is attached (step 4) to have its proton released in the buffer (B). Figure modified 
from (Nocentini, Capasso, and Supuran 2023). 

2.1.1 Families 

CAs are divided into eight families: α-, β-, γ-, δ-, ζ-, η-, θ- and ι-CAs. Detailed 
structural analyses have shown that some of the novel CAs are only new members 
of an existing family instead of forming an entire new family as had initially been 
thought. For example, ε-CAs were found to be β-CA-like enzymes and thus, are no 
longer considered their own family but a subgroup of β-CAs, carboxysomal CAs 
(Cannon, Heinhorst, and Kerfeld 2010). Additionally, θ- and possibly ζ-CAs are β-
CA-like enzymes (M. Tolvanen, unpublished observations). Another structural 
resemblance is found between η-CAs and α-CAs. η-CAs are folded similarly to α-
CAs (Figure 2), but a conserved histidine residue in the active site (H119) in α-CAs 
is changed in η-CAs (H119Q) (De Simone et al. 2015). δ-CAs also structurally 
resemble α-CAs; however, they are still considered separate families (Del Prete et al. 
2014). On the contrary, γ-CAs are structurally and evolutionally distinct from the 
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other CA-classes, as are ι-CAs, which were found in 2019 in marine phytoplankton 
(Jensen et al. 2019).    

 
Figure 2.  α-CAs and η-CAs have a similar 3D-structure. The predicted structure of α-CA of 

Persephonella marina [A. (Kim et al. 2019)] and the η-CA of Plasmodium falciparum [B. (De 
Simone et al. 2015)] demonstrate the similarity well. Models created with The PyMOL 
Molecular Graphic System (version 2.5.0).  

α-CAs are not only found in the genomes of eukaryotes but also in many prokaryotes 
(Capasso and Supuran 2015). β-CAs are even more widespread and are present in 
photosynthetic organisms, archaea, bacteria, and yeasts (Liljas and Laurberg 2000; 
Rowlett 2010; Zolfaghari Emameh et al. 2016; Zolfaghari Emameh et al. 2020). They 
also present in higher organisms, such as insects, nematodes and protozoans, but 
not in chordates (Liljas and Laurberg 2000; Rowlett 2010; Zolfaghari Emameh et al. 
2016; Zolfaghari Emameh et al. 2020). γ-CAs are found in fungi, plants, bacteria, 
archaea and yeasts (Ferry 2010; Zolfaghari Emameh et al. 2020). δ-CAs are widely 
present in marine phytoplankton (Lane et al. 2005; Park, Song, and Morel 2007; 
Alterio et al. 2012). ζ-CAs have been found in a diatom, in Conticribra weissflogii 
(previously Thalassiosira weissflogii) (Alterio et al. 2012), acting in close relation with 
the δ-CA of the organism (Lane et al. 2005; Park, Song, and Morel 2007; Alterio et 
al. 2012). η-CAs have been found in the malaria-causing Plasmodium genus and the 
toxoplasmosis-causing Toxoplasma gondii (De Simone et al. 2015; Chasen et al. 2017). 
θ-CAs were first discovered in 2016 in the lumen of thylakoids in the chloroplast 
and were later found in bacteria, marine diatoms and green algae (Kikutani et al. 
2016). ι-CAs are the most recently discovered CAs, as they were found in 2019. They 
are widely present in single-celled organisms and have been discovered in bacteria, 
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diatoms, green algae and cyanobacteria (Jensen et al. 2019; Akocak and Supuran 
2019). 

2.1.2 Structures 

The three-dimensional (3D) structures of numerous CAs have been reported and 
are available in PDB database (https://www.rcsb.org/). The most reported ones are 
α-, β-, and γ-CAs, for which multiple crystallographic structures have been resolved. 
α-CAs are most commonly in a monomeric state. The monomers are composed of 
a β-sheet core with α-helices around it (see Figure 2) (Lomelino, Andring, and 
McKenna 2018). The fundamental oligomeric state of β-CAs is dimeric, but they can 
also form multimers, for example tetramers, octamers and so on. Crystallographic 
studies show β-CA monomers to have four- to fivefold β-sheets as a core 
surrounded by α-helices, which interact to form dimers (Rowlett 2010). This will be 
further discussed in the results section. In contrast to α- and β-CAs, γ-CAs are 
trimers. The only ζ-CA structure is from Conticribra weissflogii and appears to be largely 
similar to β-CAs with a dimeric structure (Xu et al. 2008).  

CAs are metalloenzymes, e.g., they have a metal ion in their active site. Most 
commonly, the metal ion is zinc (Zn2+), which in some CA-families in some cases 
may be replaced by another metal ion (Akocak and Supuran 2019). For example, γ-
CAs use iron (Fe2+) but are also in active form with Zn2+ or cobalt (Co2+) (Akocak 
and Supuran 2019). ζ-CAs may contain cadmium (Cd2+) instead of Zn2+ (Alterio et 
al. 2015), and ι-CAs usually have manganese (Mn2+) in their active site (Jensen et al. 
2019; Del Prete et al. 2020; Petreni et al. 2021). However, ι-CAs have a distinct 
feature from other CA classes; they do not necessarily possess a metal ion in the 
active site at all (Hirakawa et al. 2021).  

The overall structure of the active site of CAs is conserved between the families 
(Figure 3). Three active site residues and a water molecule are positioned in 
tetrahedral formation to the metal ion (Lomelino, Andring, and McKenna 2018). 
The amino acid composition of the active site of α-CAs includes three histidines in 
positions x, x+2, x+25 (x=94 in human CA II) coordinating the metal ion 
(Lomelino, Andring, and McKenna 2018). Similarly, γ-CAs have coordinating amino 
acid positions x, x+36, x+41, one from each monomer (x=81 in γ-CA of 
Methanosarcina thermophila) (Zimmerman, Tomb, and Ferry 2010). δ-CAs have the 
same coordination (x, x+3, x+112, x=114 in δ-CA of Conticribra weissflogii) (Cox et al. 
2000). β-CAs and ζ-CAs have only one histidine, and the other two residues are 
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cysteine. For β-CAs, the residues are x (Cys), x+56 (His), x+59 (Cys) (x= 42 in β-
CA of Vibrio cholerae and Pseudomonas aeruginosa) (Rowlett 2010; Ferraroni et al. 2015; 
Pinard et al. 2015), and the corresponding residues for ζ-CAs are x (Cys), x+52 (His), 
x+62 (Cys) (x=263 in the ζ-CA of Conticribra weissflogii) (Amata et al. 2011). Although 
having a high structural resemblance to α-CAs, η-CAs have a different active site: 
one of the histidines is replaced with glutamine with the result of amino acids in 
positions x (His), x+2 (His), x+19 (Gln) (x=299 in the η-CA of Plasmodium falciparum) 
(De Simone et al. 2015). The active site structure of θ-CAs is not yet well established 
(Lomelino, Andring, and McKenna 2018); however, there are preliminary 
observations that the active site might have amino acid residues from two different 
chains (M. Tolvanen, unpublished observations). The newest member of the CA 
family, ι-CA, has an unknown active site composition.  

CAs have different signal peptides for multiple subcellular locations. They have 
been found for example in mitochondria, chloroplasts, cytoplasm and membranes. 
Some of them are secreted, for example CA VI is secreted into saliva and milk in 
humans, cows, sheep and rats (Fernley et al. 1991; Karhumaa et al. 2001; Yrjänäinen, 
Patrikainen, Azizi et al. 2022). The location of some CAs still remain unknown. 

 
Figure 3.  Representation of the general active site structure of a CA using the η-CA of Plasmodium 

falciparum as a model. Figure shows the Zn2+ on the center as well as the zinc coordinating 
amino acid residues: two histidines and one glutamine. Figure modified from De Simone et 
al. 2015.  
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2.1.3 Carbonic anhydrase inhibitors 

CAIs are used to treat many conditions, for example glaucoma (Supuran, Altamimi, 
and Carta 2019), brain edema (Li, Zhang, and Zhang 2018; Wan et al. 2023), 
mountain sickness (Imray et al. 2010; Davis and Hackett 2017) and epilepsy 
(Mechrgui and Kanani 2022; Farzam and Abdullah 2022). CAIs have previously also 
been used in treating high blood pressure due to their diuretic effect; however, 
currently, more effective medication for high blood pressure is in use (Kehrenberg 
and Bachmann 2022). CAIs are an interesting class of drugs because human genome 
has 15 CAs which take part in many cellular processes. The investigation of new 
applications for CAI use is intensive. The role of CAs in lipogenesis has been 
recognized as a potential target process for antiobesity treatment (Supuran 2022), 
and its role in tumor environment management provides an insight for antitumor 
agent development (Tonissen and Poulsen 2021; Kumar et al. 2022; de Campos et 
al. 2022). CAIs have also been investigated as therapeutic agents in central nervous 
system diseases, such as Alzheimer’s disease, because in long-term use, they can 
reduce oxidative stress, mitochondrial dysfunction and amyloid accumulation, thus 
preventing memory loss (Provensi et al. 2019; Lemon et al. 2021).  

Infectious diseases are a global health problem, as totally new classes of 
antibiotics have not entered in the clinical field in three decades which increases the 
risk of antimicrobial resistance (Hutchings, Truman, and Wilkinson 2019). For 
instance, tuberculosis, caused by Mycobacterium tuberculosis bacteria, is difficult to treat 
as it requires four different antibiotics, and multidrug resistant strains are an 
enormous clinical challenge. Therefore, new β-CA-targeting inhibitors have been 
developed to respond to the need for new drugs against tuberculosis and other 
mycobacterial diseases (Aspatwar et al. 2018). Unfortunately, these inhibitors are still 
in preclinical tests so it will take a long time to know whether they can be used as 
treatment against tuberculosis (Aspatwar et al. 2020).  

The CAIs that are clinically used either topically or orally belong to the class of 
sulfonamides. For instance, the four CAIs used to treat glaucoma (acetazolamide, 
methazolamide, dorzolamide and brinzolamide) are all sulfonamides. In Finland, 
dorzolamide and brinzolamide are favored over acetazolamide and methazolamide 
as they are topically administered and thus cause fewer adverse side effects than the 
orally administered options (Nesher and Ticho 2003).  

All clinically used CAIs have adverse side effects, these include abdominal pain, 
blurred vision, changes in taste, diarrhea, fatigue, headache, nausea, paresthesia, 
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tinnitus and vomiting (Arbabi et al. 2022). Allergy to sulfa could also be a problem 
in administering sulfonamide derivatives; however, serious allergic reactions, such as 
anaphylaxis, are rare (Lee et al. 2004).   

CAIs have a three-part structure: a zinc-binding group, a linker region, and a tail 
region (Pinard, Mahon, and McKenna 2015). The classical inhibition mechanisms 
include the binding of the inhibitor to the zinc ion of the active site or the water 
coordinating the zinc or hydroxyl bound to zinc (McKenna and Supuran 2014). 
Sulfonamides and another vastly investigated group of CAIs, anions, bind straight 
to the zinc ion (Singh et al. 2018). Nonclassical inhibitors have other inhibition 
mechanisms, such as binding outside the active site or hindering access to the active 
site. Additionally, some mechanisms are still unknown (Singh et al. 2018).  

2.2 Parasites 

A parasite is an organism that exploits another organism, the host (Worms, 
Thomson et al. 1856). Parasitizing is common and it occurs everywhere in nature. 
Usually, it is beneficial for the parasite not to kill the host, although the host may 
experience a disadvantage compared to its nonparasitic stage. Specializing in certain 
host species is typical for parasites (Starkey and Blagburn 2022).  

Human parasites are divided into endoparasites and ectoparasites, where the 
former live within the body and the latter superficially in the skin (Adekiya et al. 
2021; Anderson and Paterek 2022). Almost every organ system can harbor parasites, 
for instance, amoebas in the central nervous system, different worms in the 
intestines, and mites on the skin. While some parasites are harmless, parasitic 
infections can be severe and cause over one million deaths yearly (Naghavi et al. 
2015), of which almost 80% are caused by malaria. Another dangerous parasite type 
are the diarrhea-causing parasites, which are especially lethal for children under the 
age of five in developing countries where access to sanitation and clean water may 
be compromised (Hart and Umar 2000).  

While tropical and subtropical countries have the highest incidence of parasitic 
infections, travel has spread them worldwide (Ogbera and Anaba 2000). Very 
common parasites include for example Schistosoma mansoni and Entamoeba histolytica, 
which cause intestinal infections and are endemic in tropical and subtropical 
countries (Colley et al. 2014; Shirley et al. 2018). On the other hand, Acanthamoeba 
castellanii inhabits soil and water globally, but it is an opportunistic pathogen. 
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Interestingly, E. histolytica and A. castellanii are quite close relatives, as they belong to 
the same order (Figure 4). 

 
Figure 4.  Taxonomic classification of Schistosoma mansoni, Entamoeba histolytica and 

Acanthamoeba castellanii. They are all eucaryotic organisms, and E. histolytica and A. 
castellanii are rather close relatives, both belonging to the order Amoebida. Classification 
information was retrieved from the Integrated Taxonomic Information System (ITIS, 
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=55320
#null ) and Khan 2006.  

2.2.1 Schistosoma mansoni 

Schistosoma mansoni is a parasitic blood fluke belonging to the genus Schistosoma 
(Gryseels 2012; Colley et al. 2014) with approximately 20 other species (Agatsuma 
2003), of which Schistosoma japonicum (Agatsuma 2003; McManus et al. 2018) and 
Schistosoma hematobium (Khiani and King 2009; McManus et al. 2018) are also 
significant parasitic disease causative pathogens. S. mansoni and S. japonicum cause an 
intestinal infection commonly called schistosomiasis, sometimes also called bilharzia, 
and S. hematobium causes a urogenital infection (McManus et al. 2018). 

Approximately 250 million people get infected by S. mansoni every year (Khiani 
and King 2009; Colley et al. 2014; LoVerde 2019), which makes schistosomiasis the 
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second most harmful parasitic infection after malaria (LoVerde 2019). S. mansoni is 
endemic in Africa, the Caribbean, the Middle East and South America (Gryseels 
2012; McManus et al. 2018), in contrast to S. japonicum which is mainly found in 
South and East Asia (Agatsuma 2003).  

The life cycle of S. mansoni requires fresh water, humans as the definitive host, 
and fresh water snails of Biomphalaria species as the intermediate host. Thus, they 
have an indirect (heteroxenous) life cycle (Colley et al. 2014; Nation et al. 2020) 
(Figure 5). S. mansoni uses humans as the definitive host, but other Schistosoma species 
may also use other mammals; for instance S. japonicum may use dogs, cats, horses, 
pigs and water buffaloes (Llanwarne and Helmby 2020). Cercariae, one of the life 
forms of S. mansoni, are infective and can be contracted only from water contact; the 
other forms are not able to infect humans (Gryseels 2012; Colley et al. 2014).  

Schistosomiasis can be divided into two phases depending on the duration of the 
disease: acute and chronic phase (Elbaz and Esmat 2013; McManus et al. 2018). The 
first sign of schistosomiasis can be cercarial dermatitis with the symptom of itching 
rash. This occurs for the first hours to days before schistosomulae enter venous 
circulation (Gryseels et al. 2006; McManus et al. 2018; Hambrook and Hanington 
2021). Acute symptoms of intestinal infection start a few weeks after contracting the 
blood fluke and include diarrhea (Elbaz and Esmat 2013), abdominal pain (Elbaz 
and Esmat 2013) and fever (Nelwan 2019), which usually ease by themselves within 
2-10 weeks (Gryseels et al. 2006). People born and living in endemic areas may have 
an asymptomatic or minorly symptomatic acute phase suspected to be due to in utero 
desensitization from the previously infected mother or repeatedly occurring 
penetration of cercariae through the skin, leading to adaptation of the immune 
system (McManus et al. 2018). However, the human immune system is not capable 
of overcoming the parasite; thus, the infection turns into a chronic, less symptomatic 
version after the acute phase (Siqueira et al. 2017).  

Chronic schistosomiasis affects many organs, such as the liver, lungs, spleen, and 
intestine (Gryseels et al. 2006; McManus et al. 2018). Adult worms incorporate host 
antigens on their surface, successfully escaping the host immune response, but the 
eggs are highly antigenic, evoking multiple immune responses (Llanwarne and 
Helmby 2020; Hambrook and Hanington 2021). The main function of the egg is to 
migrate through the host’s intestine wall to enter the lumen and eventually the 
environment (Gryseels et al. 2006). Typically, some eggs are trapped in different 
organs, where they induce the immune system to form granulomas (Llanwarne and 
Helmby 2020; Hambrook and Hanington 2021), which interfere with the normal 
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Interestingly, E. histolytica and A. castellanii are quite close relatives, as they belong to 
the same order (Figure 4). 

 
Figure 4.  Taxonomic classification of Schistosoma mansoni, Entamoeba histolytica and 

Acanthamoeba castellanii. They are all eucaryotic organisms, and E. histolytica and A. 
castellanii are rather close relatives, both belonging to the order Amoebida. Classification 
information was retrieved from the Integrated Taxonomic Information System (ITIS, 
https://www.itis.gov/servlet/SingleRpt/SingleRpt?search_topic=TSN&search_value=55320
#null ) and Khan 2006.  
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second most harmful parasitic infection after malaria (LoVerde 2019). S. mansoni is 
endemic in Africa, the Caribbean, the Middle East and South America (Gryseels 
2012; McManus et al. 2018), in contrast to S. japonicum which is mainly found in 
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function of the organ. As mature worms can live in veins for decades, they gradually 
generate the main effects to organs of chronic schistosomiasis, which can be fatal 
(Gryseels 2012; McManus et al. 2018). Typically, the affected organs are the 
intestines and liver, leading to ulcers, polyps and even cancer development in the 
intestines and cirrhosis and its complications in the liver (Elbaz and Esmat 2013). 

Parasitic infections are not the only disease prevalent in the incidence areas of the 
parasites. In the endemic areas of S. mansoni, chronic viral hepatitis prevalence is 
high, and coinfections with schistosomiasis are common, inducing even faster 
development of fibrotic changes in the liver (Gasim, Bella, and Adam 2015) and 
therefore faster occurrence of complications, such as esophageal varices, portal 
hypertension and hepatocellular cancer (Elbaz and Esmat 2013). Additionally, 
extragastrointestinal changes have been reported in the kidney (Barsoum 2004; 
Neves et al. 2020), central nervous system (De Abreu Ferrari 2004) and lung (De 
Abreu Ferrari 2004; Bamefleh and Al-Hussain 2021).  

Diagnosis of intestinal schistosomiasis is made with a microscopic examination 
to detect the eggs in stool (Grzegorek et al. 2023). Usually, serological samples are 
used as completing tests. However, travelers, who often spend a short time in the 
incidence area, have a low egg count, which emphasizes the importance of antibodies 
in diagnosis (Grzegorek et al. 2023). With extraintestinal infections, imaging also 
plays a significant role in diagnosing the infection. While the diagnosis itself is 
relatively easy to make, the access to health care in the typical incidence areas is often 
restricted, which delays the treatment. 

The currently used treatment against schistosomiasis is praziquantel (Siqueira et 
al. 2017). Another medicine, oxamniquine, has also been found to be effective 
against S. mansoni but not against S. japonicum and S. hematobium (Cioli, Pica-Mattoccia, 
and Archer 1995; Rugel et al. 2020). Previously, oxamniquine was widely used, but 
praziquantel has replaced it with fewer side effects and a wider therapeutic effect on 
different species of the Schistosoma genus (Siqueira et al. 2017). Praziquantel is 
effective only against adult worms, not any stages of larvae, resulting in a high risk 
of recurring infections (Llanwarne and Helmby 2020). Praziquantel increases the 
flow of Ca2+ across the tegument, a protective layer on the outer surface of the 
worm, resulting in high intracellular Ca2+ concentration and contraction of the 
parasite (Vale et al. 2017). Praziquantel is also used as preventive medication for 
people in high-risk areas without collecting diagnostic samples (Cioli et al. 2014; 
Llanwarne and Helmby 2020) resulting in even more extensive use of praziquantel 
and thereby rising resistance issues (Doenhoff et al. 2002; Botros and Bennett 2007). 
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Figure 5.  The life cycle of Schistosoma mansoni. The figure was constructed according to McManus 

et al. 2018, LoVerde 2019 and Nation et al. 2020. 1. Cercariae penetrate healthy skin and 
lose their tail, becoming schistosomulae. 2. Schistosomulae enter venous circulation and 
travel through the lungs and heart. 3. Schistosomulae enter the portal vein system of the 
liver where they mature and pair. 4. Paired worms seek mesenteric veins to lay eggs. 5. 
Eggs are excreted in feces to the environment. 6. Eggs, that reach fresh water, hatch and 
miracidia are released. 7. Miracidia enter fresh water snails (Biomphalaria spp.) and form 
sporocysts which are means for asexual reproduction. 8. Sporocysts release cercariae that 
exit the snail and wait to encounter the host in water. Figure created with BioRender.com. 

No commercially distributed vaccines are available against schistosomiasis; however, 
three recombinant protein-based vaccines are already in clinical trials (Eyayu, Zeleke, 
and Worku 2020). Other mechanisms of action, such as helper T-cell-based 
immunizing, have also been studied to find the most effective and safe vaccine 
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function of the organ. As mature worms can live in veins for decades, they gradually 
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relatively easy to make, the access to health care in the typical incidence areas is often 
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al. 2017). Another medicine, oxamniquine, has also been found to be effective 
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praziquantel has replaced it with fewer side effects and a wider therapeutic effect on 
different species of the Schistosoma genus (Siqueira et al. 2017). Praziquantel is 
effective only against adult worms, not any stages of larvae, resulting in a high risk 
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flow of Ca2+ across the tegument, a protective layer on the outer surface of the 
worm, resulting in high intracellular Ca2+ concentration and contraction of the 
parasite (Vale et al. 2017). Praziquantel is also used as preventive medication for 
people in high-risk areas without collecting diagnostic samples (Cioli et al. 2014; 
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(Rahmani et al. 2019). Vaccines are expected to be the most successful way to reduce 
the global disease burden and long-term complications of schistosomiasis.  

Schistosoma mansoni has six α-CAs and one β-CA (SmaBCA); however, UniProt 
(https://www.uniprot.org/) (Apweiler et al. 2004) shows two competing sequences 
for β-CA. These are 241 (UniProt ID G4V6B2) and 266 (UniProt ID 
A0A3Q0KBP5) amino acids long. It is presumed that the short version is falsely 
predicted and the newer, longer sequence from transcriptomic data is the correct 
one (M. Tolvanen, observations in publication III). One of the α-CAs has already 
been recombinantly produced and tested against different CAIs (Angeli et al. 2020; 
2022).  

2.2.2 Entamoeba histolytica 

Entamoeba histolytica is a protozoan parasite that causes an intestinal infection called 
amebiasis in human hosts (Hashmey, Genta, and White 1997; Shirley et al. 2018). It 
is a close relative to Entamoeba dispar which is currently considered a harmless 
intestine-colonizing amoeba. E. dispar was previously presumed asymptomatic E. 
histolytica infection but later turned out to be intestinal colonization of E. dispar 
(Stauffer, William; Ravdin 2003; Stanley 2003). E. histolytica is also quite a close 
relative of Acanthamoeba castellanii, as they belong to the same order (Figure 4). A. 
castellanii will be discussed later.  

Amoebiasis affects approximately 500 million people annually and is thus 
considered the third most harmful parasitic infection after malaria and 
schistosomiasis (Sardar et al. 2023; Vasconcelos et al. 2023). Approximately 3.1% of 
deaths due to diarrhea are caused by amebiasis (Troeger et al. 2017). It is endemic in 
Africa, Central and South America, southern parts of Asia and Pacific countries 
(Center for Discovery and Innovation in Parasitic Diseases 2020). Increasing travel 
has spread the infection outside of its endemic region, too (Shirley et al. 2018).  

The symptoms of amebiasis usually begin two to four weeks after the contraction. 
The infection has three main forms: intraluminal infections with no evident 
symptoms, colitis including the symptoms of abdominal pain, fever and watery or 
bloody diarrhea, (Showler and Boggild 2013), and disseminated infection to other 
organs, such as to the liver causing an abscess (R. Haque et al. 2000), bowel 
perforation and peritonitis (Shirley et al. 2018). The symptoms of amoebiasis may 
vary from extremely mild to life-threatening.  
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People are infected by E. histolytica via the fecal-oral route, usually from cyst-
contaminated food or drink (Figure 6). After ingestion of the cysts, they travel 
through the intestines to the end of the small bowel or the beginning of the large 
bowel, where one cyst expels four trophozoites. They ingest gut bacteria and food 
and multiply by dividing. Some trophozoites encyst and are excreted in feces to be 
ingested by another host. Some trophozoites invade and ulcerate the wall of the 
bowel with multiple mechanisms, degrading the host’s extracellular matrix, killing 
immune effector cells and causing cytolysis, causing bloody diarrhea and occasionally 
invading other organs (Cornick and Chadee 2017). Cysts are extremely resistant to 
environmental factors and survive, for instance, gastric acid, contrary to trophozoites.  

The diagnosis of amebiasis is preferred to be confirmed with polymerase chain 
reaction (PCR) to differentiate E. histolytica infection from nonpathogenic Entamoeba 
species, such as the earlier mentioned E. dispar. The benefits of PCR also include the 
possibility of testing many intestinal pathogens in the same assay (Van Lieshout and 
Verweij 2010; Verweij and Rune Stensvold 2014). Previously, the diagnosis was 
based on microscopy examination of stool samples and detection of cysts. However, 
it is impossible to recognize different Entamoeba species from one another by 
microscopy only (Paulos et al. 2019).  

Treatment of amebiasis consists of two consequent phases: tissue and 
intraluminal amebicides. Tissue amebicides are used for symptomatic patients to 
treat intestinal and extraintestinal infections (Haque et al. 2003). The preferred drug 
choice is metronidazole or tinidazole, usually with oral administration, as they have 
excellent bioavailability (approximately 80% for metronidazole). For asymptomatic 
patients and symptomatic ones after the tissue amebicide course, intraluminal 
amebicide is administered to exile cysts from the gut as tissue amebicides are 
inefficient against cysts (Freeman, Klutman, and Lamp 1997). Clinically used 
intraluminal amebicides are paromomycin, diloxanide furoate and iodoquinol. 
Combination therapy with tissue amebicide followed by intraluminal amebicide is 
recommended to prevent relapses (Freeman, Klutman, and Lamp 1997; Kikuchi et 
al. 2013). The resistance of E. histolytica against metronidazole is rare in clinical use 
(Samarawickrema et al. 1997; Wassmann et al. 1999). Since, the treatment is two-
phasic it may be challenging to complete in the incidence area of E. histolytica. 

E. histolytica uses only human and nonhuman primates as hosts, thus eradication 
of E. histolytica is possible. Extensive research in developing a vaccine against E. 
histolytica has been conducted, but none of the presently developed vaccines have 
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reached clinical trials (Quach, St-Pierre, and Chadee 2014; Kantor et al. 2018; 
Nagaraja and Ankri 2019).  

 
Figure 6.  The life cycle of Entamoeba histolytica. Cysts survive in the environment as infectious and 

are transferred through the fecal-oral route to the human host. Excystation takes place in 
the bowel and trophozoites multiply and encystate in the large intestine. Cysts are excreted 
in feces into the environment to be ready to infect the next host. Figure created with 
Biorender.com. 

In the genome of E. histolytica, only one CA is recognized, belonging to the β-
family (Agarwal et al. 2020). Six entries are found in UniProt 
(https://www.uniprot.org/) (Apweiler et al. 2004), all having the same sequence 
except one (M7WM51_ENTHI) which differs by one amino acid (E36Q) from the 
five others. The β-CA of Entamoeba histolytica (EhiCA) has not been previously 
produced in vitro, which is addressed in this thesis. Since, E. histolytica has only one 
CA, it is potential target to prevent and treat amoebiasis.  

2.2.3 Acanthamoeba castellanii 

A. castellanii is an opportunistic pathogen and usually causes keratitis, an infection of 
the cornea (Maycock and Jayaswal 2016; Fu, Ophth, and Gomaa 2019; Niederkorn 
2021). Acanthamoeba keratitis (AK) is sight-threatening, but fortunately, loss of eye 
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sight requires predisposing conditions or risk factors, such as contact lens usage, 
corticosteroid eye drop usage or eye trauma, for example, due to ocular operations. 
Immunocompromised people are at risk of contracting an invasive infection, usually 
in the brain, causing granulomatous amoebic encephalitis (GAE) (Marciano-Cabral 
and Cabral 2003; de Lacerda and Lira 2021). Skin lesions and invasion of other 
organs are also possible for severely immunocompromised people, such as organ 
transplant patients (Brondfield et al. 2017).  

A. castellanii is ubiquitously present in the environment in two life forms: 
metabolically active trophozoites and dormant cysts (Figures 7 and 8). It belongs to 
the genus Acanthamoeba and has close relatives of free-living amoebae in the genera 
Entamoeba, Naegleria, Balamuthia and Hartmannella, which are also able to cause 
infections in humans (Khan 2006). A. castellanii was discovered in 1930, but it took 
over four decades before the first infection was confirmed (Khan 2006). The genus 
Acanthamoeba is divided into 23 genotypes, T1-T23, based on the sequence of 18S 
rRNA (Fuerst, Booton, and Crary 2015; Mirahmadi et al. 2019; Putaporntip et al. 
2021). Most of the genotypes are nonpathogenic, but A. castellanii belongs to the 
highly pathogenic T4 genotype, which is further divided into seven subtypes, T4A-
T4F and T4-Neff, with A. castellanii being classified into T4A, T4B and T4-Neff 
depending on the isolated strain (Stothard et al. 1998; Fuerst 2014). 

 The Acanthamoeba genus can also be classified into three groups (I-III) based on 
cyst morphology (Putaporntip et al. 2021). The most abundant is group II with 
86.9% of 130 isolates, while group I and group III only have 7.7% and 5.4%, 
respectively (Putaporntip et al. 2021). Cysts are highly resistant to environmental 
factors, and the reaction of trophozoites to unfavorable conditions is encystation 
(Figure 5) (Chávez-Munguía et al. 2005). Cysts are also infectious, and the change in 
surroundings induces excystation into active trophozoites (Lakhundi, Khan, and 
Siddiqui 2014). 

The diagnosis of AK has traditionally been made by culturing cornea samples for 
two weeks (Chew et al. 2011). The diagnostic delay is tremendous not only due to 
the diagnostic method but also due to the lack of suspicion in emergency rooms. 
Approximately two-thirds of the patients have been treated with anti-viral 
medication and the same number with antibiotics before the correct diagnosis (Chew 
et al. 2011). Many PCR-based diagnostic methods have been developed; however, 
they have not reached widespread clinical use (Maycock and Jayaswal 2016). 
Additionally, confocal microscopy is a very accurate way of diagnosing AK, but it 
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requires special equipment and a skilled microscopist, which restricts its broad use 
(Alantary, Heaselgrave, and Hau 2022).  

A. castellanii is the most abundant pathogen found in AK patients (Horn et al. 
2000); however, one-off cases have been reported involving A. polyphaga, A. hatchetti, 
A. culbertsoni, A. rhysodes, A. lugdunesis, A. quina and A. griffini (Ishibashi 1997; 
Schaumberg, Snow, and Dana 1998; Marciano-Cabral and Cabral 2003). Over half 
of the cultured AK cases also harbor other pathogens, called endosymbionts (Bacon 
et al. 1993; Iovieno et al. 2010; Rayamajhee et al. 2022) (Figure 7). Endosymbionts 
are bacteria, most commonly belonging to the phyla Actinobacteria or 
Proteobacteria (Horn and Wagner 2004; Iovieno et al. 2010; Gu et al. 2022); viruses, 
usually belonging to Pandoraviridae or Mimiviridae (Rayamajhee et al. 2021); or fungi, 
which are the rarest endosymbiont (Rayamajhee et al. 2021). The virulence of A. 
castellanii may increase because of the effect of endosymbionts, possibly through 
horizontal gene transfer (Purssell, Lau, and Boggild 2017; Gu et al. 2022). In addition, 
many of the endosymbionts are pathogens themselves which leads to coinfections. 
For instance, Pseudomonas aeruginosa is a typical endosymbiont of A. castellanii, and 
their coinfection is more difficult to treat than a single infection of either pathogen 
(Gu et al. 2022).  

Treatment of AK is time-consuming and includes many harmful side effects with 
possibly unsatisfying results. There is no consensus on the best choice of treatment, 
and it is always decided individually for every patient. Medication is administered as 
topical eye drops, most commonly biguanide derivatives, polyhexamethylene 
biguanide hydrochloride and chlorhexidine gluconate (Sangkanu et al. 2021), or 
diamidine derivatives, propamidine and hexamidine isethionate (Lorenzo-Morales, 
Khan, and Walochnik 2015; Carrijo-Carvalho et al. 2017). They are used in mono- 
or combination therapy (Bagga et al. 2021). There is slight evidence that combination 
therapy produces better treatment outcomes than monotherapy (Duguid et al. 1997). 
They are administered hourly at the beginning, and the courses of treatment last for 
weeks, generally at least 3-4 weeks (Maycock and Jayaswal 2016). In addition to the 
damage of AK to the cornea and vision, medications can cause loss of corneal tissue 
regeneration, corneal ulceration, scleritis, iris atrophy and glaucoma, especially if the 
response to treatment is inadequate and the course needs to be extended (Carrijo-
Carvalho et al. 2017). Evidence of rising resistance in clinical samples against 
conventional treatment options, such as polyhexamethylene biguanide 
hydrochloride, emphasizes the need for new treatment options (Huang et al. 2017). 
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Figure 7.  The life cycle of Acanthamoeba castellanii. A. castellanii lives in soil and water, and the 

cysts are extremely resilient to environmental factors. Trophozoites may harbor other 
microorganisms (‘Trojan horses’) (Mirabedini et al. 2022), and coinfections occur. Contact 
with contaminated water (or soil) to the eye, wounded skin or lower respiratory tract can 
lead to infections: keratitis in the first case and invasive or skin infection in the case of the 
last two options. Figure created with Biorender.com and modified from article V by Susanna 
Haapanen. 

The search for new treatment options against AK is intensive (Anwar, Numan, 
et al. 2019; Abdul Mannan Baig et al. 2019; Shahbaz et al. 2020; Rice et al. 2020). A 
new treatment choice with 3-aryl-6,7-dimethoxyquinazoline-4-(3H)-one -library 
drug candidates has been discovered; however, the compounds are not in clinical 
use, so we do not know their effects on humans (Shahbaz et al. 2020). 

Quinazolinones include three clinically used drugs: prazosin hydrochloride, 
doxazosin mesylate and terazosin hydrochloride (Jafari et al. 2016). Nevertheless, 
Shahbaz et al. used only synthetically composed derivatives and not clinically used 
derivatives in their inhibitor assay so the effect of clinical compounds remains 
unknown (Shahbaz et al. 2020). Other compounds have been developed, such as 
cobalt nanoparticles, which have been shown to be effective; however, they have the 
same limitation as quinazolinone assays: there is no clinical data with patients in other 
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conditions (Anwar, Numan, et al. 2019). Clinically approved drugs, diazepam, 
phenobarbitone and phenytoin, and their silver nanoparticles showed amoebicidal 
and cysticidal effects against A. castellanii in vitro, suggesting potential treatment 
options for GAE, as the tested drugs readily cross the blood‒brain barrier (Anwar, 
Rajendran, et al. 2019). However, a lack of clinical testing remains. 

The size of the genome of Acanthamoeba castellanii is debated. From Neff-strain, it 
has been suggested to be 42.02 Mb (used as the reference genome in NCBI) (Hasni 
et al. 2020), 43.83 Mb or 46.71 Mb (NCBI). The largest size of the genome has been 
reported for strain ATCC 50370 with 115.3 Mb (NCBI) or 121.2 Mb (Chelkha et al. 
2018), although NCBI states the genome to be too large.  

A. castellanii has eight CAs: three α-, three β- and two γ-CAs (Baig et al. 2018; Baig 
et al. 2019). All α-CAs are predicted to be membrane-associated. The β-CAs are 
predicted to have mitochondrial, cytoplasmic and transmembrane isoforms, one of 
each. Knowledge of the subcellular location of γ-CAs in mitochondria is more 
extensive than that of the other CA families in A. castellanii. γ-CAs have been found 
to be part of the mitochondrial electron transport chain, indicating that they have a 
role in the utilization of energy in the cell (Gawryluk and Gray 2010; Gawryluk et al. 
2012). γ-CAs were previously found to be present in the chloroplasts of 
photosynthesizing organisms forming HCO3− by hydration of CO2, and some 
indications suggest that HCO3− may also be transported across the inner 
mitochondrial membrane (Braun and Zabaleta 2007). However, the presence of γ-
CAs in the genus Acanthamoebae, which have no chloroplasts, suggests a specific 
function for γ-CAs in the action of mitochondrial complex I, although the specific 
role is still unknown (Gawryluk and Gray 2010). The presence of γ-CAs as a part of 
mitochondrial complex I is not unique to A. castellanii as they are present in diatoms 
as well (Cainzos et al. 2021). 
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Figure 8.  A. Light microscope view showing trophozoites and cysts of A. castellanii together (10x 

objective). B. Cyst (40x objective) C. Trophozoite (40x objective). The diameter of a 
trophozoite is 12-35 µm and the one of a cyst is 5-20 µm (Khan 2006).  

 

2.3 Polymerase chain reaction as a diagnostic method 
The first DNA-detection based methods for the recognition of pathogens were 
introduced in the 1980s when the enterotoxin genes of Escherichia coli were detected 
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from bacterial colonies (Moseley et al. 1980). In the beginning, short, labeled DNA 
fragments, called DNA probes, were used to hybridize with the corresponding 
sequences from the sample (Yang and Rothman 2004). Amplification of DNA 
fragments in vitro using prior known oligonucleotides, polymerase chain reaction 
(PCR), was developed by a team in Cetus Corporation in 1983 (Eisenstein 1990), 
although the original idea was already presented in 1971 (Kleppe et al. 1971).  

The development of faster and more accurate techniques is ongoing, and many 
new advantages to the primary PCR method have been presented. Currently, the 
standard in clinical laboratories is quantitative real-time PCR (qRT‒PCR), a PCR 
method monitoring DNA amplification during the reaction with the aid of 
fluorescent marking. It is used in genotyping tumors, surveillance of water quality, 
and confirming safety in the food industry, for instance (Wong and Medrano 2005). 
A modification of quantitative PCR, reverse transcription PCR is used in the 
diagnostics of many infections, with the newest example being the diagnostics of 
SARS-CoV-2 infection (Rong et al. 2022). For diagnostic purposes, panels including 
many different pathogens or genomic mutations tested simultaneously have become 
increasingly common, thus, accelerating diagnostics even further. New methods, for 
example, isothermal techniques, are under development to provide PCR-based 
accuracy and sensitivity to bed-side diagnostic tools (Y. Zhao et al. 2015).  

2.4 Drug development 
Drug discovery and development is a multiyear, if not multidecade, process. 
Traditionally, it is divided into two main phases, the preclinical and clinical phase. 
When a new compound, or new chemical entity, has been discovered, a vast number 
of tests are performed to determine the characteristics of the compound, toxicity, 
effects on different organ systems and suitability of different administration forms 
(Kaitin 2010). Many compounds are stated as unfit for medical use in the preclinical 
phase and do not continue to the next level. However, if the drug candidate survives 
through preclinical tests, it is further processed in the clinical phase. The clinical 
phase has trials from I to IV where the drug is first administered to healthy 
volunteers and eventually through patient test groups to phase IV trial where the 
drug has already an approval for market and the use is monitored in population-
based use (Powers 2004). 

The development of a new treatment does not always have to be as long and 
complicated as described above. After the approval of the European Medicines 
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Agency (EMA), Food and Drug Administration (FDA), or national pharmaceutical 
agent monitoring agencies, the drug usually has permission to be used in the 
treatment of one medical condition. Nevertheless, it is very common that later new 
indications are discovered. For instance, sodium-glucose transport protein 2 
inhibitors were initially indicated for the treatment of type 2 diabetes; however, 
currently, they have an official indication in chronic kidney disease and heart failure 
despite the blood glucose status of the patient. Since the drug was approved for 
patient use, the permission to be use in the treatment of other conditions was fast. 

The WHO has stated antimicrobial resistance (AMR) as one of the top ten global 
public health threats. New antimicrobial agents with a novel mechanism of action 
were introduced in the 1990s (Terreni, Taccani, and Pregnolato 2021), but after that, 
only derivatives with the currently known mechanisms have been developed, leading 
to a rising problem of antimicrobial resistance. This is highly noticeable in bacterial 
infections, as many, especially gram-negative bacteria, have rising resistance against 
traditional antibiotics, and new ones are still in clinical trials (Luther et al. 2019). 
However, the resistance of parasites against anti-parasitic medication is also rising, 
even though slower than the antibiotic resistance of bacteria (Capela, Moreira, and 
Lopes 2019). Rising AMR is not only a problem for human health, as agriculture and 
livestock rearing are highly dependent on the use of antimicrobial medication as well 
(Hennessey et al. 2020; Yu et al. 2023). Hence, the need for drugs with new 
mechanisms of action is immense (Spellberg et al. 2004).  

2.4.1 Previous drug discovery methods for A. castellanii 

The need for new treatment against AK and invasive A. castellanii infections has 
evoked not only drug development but also investigation of new methods to test 
drugs against A. castellanii. The most commonly used screening method is based on 
detecting the viability of the amoeba with Trypan blue and counting the live cells 
with a hemocytometer (Anwar, Numan, et al. 2019; Shahbaz et al. 2020). In addition, 
newer techniques have been invented: staining the cells with sulforhodamine B and 
measuring optical density (OD) (Ortega-Rivas et al. 2016), measuring alamarBlue 
reduction in the culture (McBride et al. 2005), and combining computational 
methods to build new compounds and preliminarily test them before using 
alamarBlue to determine viability (Sebastián-Pérez et al. 2021). Similar techniques 
have also been used in the testing of compounds used clinically in other conditions 
(Anwar, Rajendran, et al. 2019).  
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2.4.2 Medication for eye  

Medications used for eye diseases can be divided into systemic, intraocular injections, 
and topical drugs (Nayak et al. 2020). Due to the unique location of the eye and the 
straight access to its surface, topical drugs have become popular for treating 
conditions on the surface of the eye. Topical administration reduces the systemic 
side effects and thus improves the suitability to a larger variety of patients in 
comparison to systemic administration. However, topical drugs can lead to local 
disadvantageous effects, such as allergic reactions, blurring of the vision and 
irritation (Loftsson, Jansook, and Stefánsson 2012). It also poses challenges for the 
characteristics of the drug, as the eye has mechanisms, such as blinking and baseline 
and reflex lacrimation for removing foreign objects from the eye, including the drug 
(Gholizadeh et al. 2021). Many drugs have overcome these by frequent 
administration of medication, but new mechanisms for better adherence have also 
been developed, for instance, different nanotechnology-based methods which are 
also investigated for the possibility of penetrating deeper into the eye structures than 
just the surface (Akhter et al. 2022).   

 

45 

3 AIMS OF THE STUDY 

The aims of this study were to enhance our knowledge of the diagnosis and 
treatment options of three clinically relevant parasitic infections: Acanthamoeba 
keratitis, schistosomiasis and amebiasis. My research had four specified goals:  

1. Determining effective CAIs among readily known and clinically used 

inhibitors against Acanthamoeba castellanii 

2. Designing a novel ultrasensitive PCR-based diagnostic method for detecting 

Acanthamoeba castellanii infections  

3. Producing and characterizing recombinant β-CA of Schistosoma mansoni and 

studying its inhibition using CAIs  

4. Producing and characterizing recombinant β-CA of Entamoeba histolytica and 

studying its inhibition using CAIs  

All three parasites of interest are common worldwide and cause vast loss of 
quality-adjusted life-years, especially in areas where access to health care, clean water 
and sanitation is limited.   
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2. Designing a novel ultrasensitive PCR-based diagnostic method for detecting 

Acanthamoeba castellanii infections  

3. Producing and characterizing recombinant β-CA of Schistosoma mansoni and 

studying its inhibition using CAIs  

4. Producing and characterizing recombinant β-CA of Entamoeba histolytica and 

studying its inhibition using CAIs  

All three parasites of interest are common worldwide and cause vast loss of 
quality-adjusted life-years, especially in areas where access to health care, clean water 
and sanitation is limited.   
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4 MATERIALS AND METHODS 

4.1 Recombinant CA enzyme production (I, II, III) 
CAs of the chosen parasites introduced in chapter 2 were produced recombinantly 
in specific Escherichia coli cells and purified in a nickel resin column. The accuracy of 
the retrieved protein was confirmed with gel electrophoresis and mass spectrometry.   

4.1.1 Vector construction 

The DNA sequences of the desired CAs were retrieved from the UniProt database 
(www.uniprot.org) (Apweiler et al. 2004) and modified for protein production in E. 
coli. The coding sequence of SmaBCA was, however, incorrectly predicted in the 
databases, initially hindering recombinant protein production. Therefore, Dr. Reza 
Zolfaghari Emameh (PhD) and Dr. Martti Tolvanen (PhD) predicted a new 
sequence to enable the protein production presented in detail in publication III. 
Plasmid vectors were constructed in GeneArt (Invitrogen, Regensburg, Germany) 
with Gateway cloning using a specific plasmid vector, pBVboostFG (Laitinen et al. 
2005). pBVboostFG is a plasmid vector modified from pBVboost for a wide range 
of expression studies on bacterial, insect and mammalian proteins. Airenne et al. 
constructed pBVboost using the pFastbac1 donor vector as the backbone 
(Invitrogen, Carlsbad, CA, USA) and replaced ampicillin with the Bacillus subtilis 
levansucrase gene (SacB) from the pDNR-LIB vector (BD Biosciences Clontech 
Palo Alto, CA, USA) (Airenne et al. 2003). Further modifications to the plasmid 
vector were applied by Laitinen et al. to enable recombinational cloning (Figure 9). 
The bacteriophage lambda-derived recombination cassette was cloned into 
pBVboost to create the pbVboostFG plasmid vector (Laitinen et al. 2005). 
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Figure 9.  A. Plasmid map of pBVboost according to Airenne et al. 2003 B. Plasmid map of 
pBVboostFG with the insert containing SmaBCA (Urbanski et al. 2020). The plasmid for the 
production of EhiCA was constructed similarly, with the difference in the CA sequence. 
GmR, gentamycin resistance gene; ori, origin of replication; SacB, Bacillus subtilis 
levansucrase gene. Plasmid figures were created with SnapGene 5.3.1 software 
(www.snapgene.com). 
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The implemented DNA insert was specifically designed for ligation to the 
pBVboostFG backbone by Professor Vesa Hytönen and Dr. Linda Urbanski 
(Urbanski et al. 2020). The insert consists of 5’ – attL1 – Shine-Dalgarno – Kozak – 
Met-Ser-Tyr-Tyr – 6 × His – Asp-Tyr-Asp-Ile-Pro-Thr-Thr – Thrombin cleavage 
site – SmaBCA / EhiCA – 2 × stop codon – attL2 – 3’, as described in Urbanski et 
al. 2020. Shine-Dalgarno is a prokaryotic and Kozak is a eukaryotic protein 
translation initiation site, and their purpose is to enhance and maximize the 
probability of producing the recombinant amino acid chain in bacterial cells. 
Histidine (His-tag) is used in protein purification because it binds to nickel resin, 
allowing the efficient purification of recombinant protein in column 
chromatography. For the removal of the His-tag from the protein product, the 
thrombin cleavage site (Lys-Val) between the His-tag and the desired CA is essential.  

4.1.2 Production of recombinant protein 

The obtained plasmid vectors were transformed into deep-frozen E. coli BL21 StarTM 
(DE3) cells (Invitrogen). The cells that were slowly thawed on ice to prevent any cell 
damage were combined with plasmid solution. The heat shock was started with 
incubation of the cell-plasmid suspension on ice for 30 min. After the incubation, 
the tube was submerged in +42°C water for 30 seconds and transferred on ice for 
two minutes. 125 μl of S.O.C. Medium (Invitrogen) was added to the suspension, 
and the suspension was incubated at +37°C with shaking at 200 rpm for 60 minutes. 
LB broth (Sigma‒Aldrich, St. Louis, MO, USA) culture plates were prepared by 
adding 50 µl of gentamicin (Sigma‒Aldrich) and spreading it evenly on the plate. The 
suspension was distributed equally on the plate and incubated overnight. One colony 
was collected from the plate and placed in 5 ml LB broth with 1:1000 gentamycin to 
perform preculturing. Storage stocks were prepared from this first preculture and 
stored in a –80°C liquid nitrogen freezer. The consequent precultures were from 
these storage stocks. 

The preculture for recombinant SmaBCA was prepared differently from the 
above. Either 1:100 glycerol (VWR International, Radnor, PA, USA) or 1:100 
glucose (Sigma‒Aldrich) was added, both proven to be equally effective in reducing 
the number of impurities (Kopp et al. 2018). Production was performed manually in 
flasks in LB broth with 1:1000 gentamycin and 1:100 either glucose or glycerol at 
+37°C at 200 rpm. With an OD [measured with Fisher Scientific Colorimeter Model 
45 (WA12173), Fisherbrand, Thermo Fisher Scientific, Waltham, MA, USA] of 0.4-
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0.5, 1:1000 of 1 M isopropyl-β-D-thiogalactopyranoside (IPTG, Thermo Fisher 
Scientific) was added to the culture flasks to induce recombinant protein production. 
IPTG binds to LacI, which normally represses the lac operon, but the inhibition of 
LacI activates the lac operon and promotes recombinant protein production (Marbach 
and Bettenbrock 2012). Culturing was continued until the next morning leading to a 
complete incubation and production time of 24 h. The production was terminated 
with centrifugation to retrieve the cell pellet at 5,000 × g for 20 min.  

The production of recombinant EhiCA was conducted with a fermenter (Infors 
HT, Bottmingen, Switzerland) by the Tampere facility of Protein Services (PS) with 
the pO-stat fed-batch protocol (Määttä et al. 2011) with some alterations as described 
in publication I.  

4.1.3 Purification of recombinant protein 

The cell pellet collected from the culture flask or fermenter was diluted into a binding 
buffer of [50 mM Na2HPO4 (Sigma‒Aldrich), 0.5 M NaCl (VWR International), 50 
mM imidazole (Sigma‒Aldrich), and 10% glycerol (only for EhiCA),pH 8.0]. Then 
with an EmulsiFlex-C3 (AVESTIN, Ottawa, Canada) homogenizer, the suspension 
was homogenized to create a lysate that was centrifuged at 13,000 × g at +4°C for 
15 minutes to retrieve the supernatant. Nickel resin [HisPur™ Ni-NTA Resin 
(Thermo Fisher Scientific)] was mixed in the solution and the protein was allowed 
to bind to the resin at room temperature with a magnetic stirrer for 2 hours. For 
EhiCA, the resin was washed with binding buffer EMD Millipore™ vacuum filtering 
flask (Merck, Kenilworth, NJ, USA) and filter paper (pore size 2 µm, WhatmanTM, 
Maidstone, UK) and collected into an empty column (Maxi Columns, G-Biosciences, 
St. Louis, MO, USA). SmaBCA was washed with a few alterations to the protocol of 
EhiCA: 15 x 25 ml of washing buffer [50 mM Na2HPO4, 0.5 M NaCl, 50 mM 
imidazole, and 20% glycerol, pH 8.0] and then the glycerol was washed off with 10 
x 25 mL of binding buffer, both in a vacuum filtering flask. The nickel resin was 
collected into a column, similar to EhiCA. Elution buffer was composed of 50 mM 
Na2HPO4, 0.5 M NaCl, and 350 mM imidazole, pH 8.5 for SmaBCA and pH 7.0 for 
EhiCA with the addition of 10% glycerol. Both of the recombinant proteins were 
rewashed; SmaBCA with the same protocol as described and EhiCA with the change 
of resin to cobalt resin [TALON® Superflow™ cobalt resin (GE Healthcare, 
Chicago, IL, USA)].  
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Retrieved proteins were subjected to 12% sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis (SDS‒PAGE) under reducing conditions. 
Precision Plus ProteinTM Standards Dual Color (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) was used as a standard molecular weight (MW) marker. The 
bands and marker were visualized on the gel with PageBlue™ Protein Staining 
Solution (Thermo Fisher Scientific) with 30 min incubation in the stain at room 
temperature and removal of the excess stain with distilled water. The bands were 
confirmed to be the desired recombinant with mass spectrometry performed by the 
Tampere facility of Protein Services.  

4.2 CA kinetics and inhibition measurements (I, II, III) 
The buffer of EhiCA and SmaBCA was changed to 50 mM TRIS (VWR 
International), pH 8.5 with 10 kDa Vivaspin® Turbo 15 centrifugal concentrators 
(Sartorius™, Göttingen, Germany) prior to kinetics and inhibition measurements. 
The measurements were conducted with an Sx.18Mv-R Applied Photophysics 
stopped-flow instrument (Oxford, UK) (Khalifah 1971) at Università degli Studi di 
Firenze (Florence, Italy) under the supervision of Professor Claudiu Supuran with 
the protocol described in publication I and Berrino et al. 2017 for EhiCA and 
SmaBCA, respectively. The tested compounds were sulfonamide and anion 
derivatives (Figure 10). 
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Figure 10.  Chemical structures, names and numbers of sulfonamide and anion inhibitors. Figure 

modified from publication III. Figure begins already at page 51. 
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4.3 Acanthamoeba castellanii culture (IV, V) 
We created an Acanthamoeba castellanii culture to be used in the development of a 
diagnostic method for AK and the creation of a drug screening assay. The 
Acanthamoeba castellanii (ATCC ® 30010™) strain, isolated from soil in the Pacific 
Grove (CA, USA) in 1957, was provided by the American Type Culture Collection 
(Manassas, Virginia, US).  

Cells were shipped in frozen ampules, which were thawed in a water bath at 
+35°C for 2-3 minutes and then immediately aseptically transferred to 5 ml of 
peptone yeast glucose (PYG) medium with additives in T 25 tissue culture flasks 
(Thermo Fischer Scientific, Waltham, MA, USA) (Table 1). The axenic amoeba 
culture was fed with glucose. The flasks were incubated at +25°C without shaking 
or rotation.  

Table 1.  Composition of PYG medium with additives. The additives were added to proteose 
peptone-yeast solution, and the volume was set to 1000 ml and pH to 6.5. The acquired 
solution was autoclaved at +121°C. Glucose was filter sterilized and added to the 
autoclaved solution.   

PYG medium Amount (total volume 1050 ml) 

Proteose peptone 20.0 g 

Yeast extract 1.0 g 

DI Water 900.0 ml 

Additives: 

0.05 M CaCl2 8.0 ml 

0.4 M MgSO4 x 7 H2O 10.0 ml 

0.25 M Na2HPO4 x 7 H2O 10.0 ml 

0.25 M KH2PO4 10.0 ml 

Na citrate x 2 H2O 1.0 g 

0.005 M Fe(NH4)2(SO4)2 x 6 H2O 10.0 ml 

2 M Glucose* 50.0 ml 

* added after autoclave  

 

The culture was maintained twice a week by removing the old medium and 
replacing it with 5 ml of fresh medium. To prevent contamination, the culture was 
handled aseptically, and the purity of the culture was checked with a microscope (40x 
objective) to find any signs of contamination. To ensure the continuity of the culture 
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for future experiments, storage stocks were prepared according to the cell provider’s 
instructions. The culture was multiplied by transferring 500 µl of medium from a 
previous culture flask to a new flask with 5 ml of fresh medium.  

4.4 Inhibition of Acanthamoeba castellanii (V) 
For testing inhibitors against A. cstellanii, we developed a drug screening assay. It is 
divided into two phases: inhibitor assay and excystation assay. First, we tested the 
viability of trophozoites in the presence of an inhibitor and the survival ability of 
cysts after the inhibitor in a biphasic inhibitor assay. Second, with a separate 
excystation assay, we tested the excystation ability of cysts in the presence of an 
inhibitor.  

 We selected six different inhibitors: five CAIs and propamidine (Brolene 0.1%, 
Sanofi, Paris, France), which is already in clinical use in treating AK. CAIs in this 
study were acetazolamide (Diamox 100 mg/ml, Mercury Pharma, Croydon, United 
Kingdom), brinzolamide (Azopt 10 mg/ml, Novartis, Basel, Switzerland), 
dorzolamide (Sigma‒Aldrich), ethoxzolamide (Sigma‒Aldrich) and Fc14-584B 
(Aspatwar et al. 2017). All, except Fc14-584B and ethoxzolamide, are in clinical use. 
We conducted a dilution series: 10-fold for acetazolamide, dorzolamide and 
brinzolamide, 2-fold for propamidine and Fc14-584B, and 2- and 5-fold for high and 
low concentrations of ethoxzolamide, respectively. 

All assays were performed in 96-well plates (Corning Inc, Corning, NY, USA) 
with 1,000 cells (cysts or trophozoites) per well with a volume of cell-medium-
inhibitor solution of 240 µl. For each inhibitor and each assay, there were two 
adjacent plates with a minimum of 3 wells (range from 3 to 8) of the same 
concentration of CAI in one plate. 

The inhibitor assay was biphasic: inhibitor part and cyst survival part. First, 
trophozoites were carefully detached with a cell scraper (Sarstedt Inc., Newton, MA, 
USA) from the surfaces of the culture flask and mixed in the correct proportion with 
the inhibitor to conduct the cell-medium-inhibitor solution. It was pipetted into 96-
well plates to form one plate for each desired time point (24, 48 and 72 hours). The 
plates were incubated at +25°C without shaking or rotation. After reaching their 
time points, the contents of the wells were transferred into an empty well and 50 µl 
of fresh medium was added to each well. These new wells constituted the cyst 
survival part of the assay. The emptied plates were analyzed as described later.  
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The cyst survival assay lasted for 5 days, after which the wells were emptied for 
analysis. 5 days was chosen because it takes approximately 12-36 hours for the cysts 
to transform back to active trophozoites (Mattar and Byers 1971; Chávez-Munguía 
et al. 2005) and 8-24 hours for one mitosis (Khan 2006); therefore, we wanted to 
assure that all infectious and viable cysts have the opportunity to excystate and start 
dividing. 

In the excystation assay, the amoeba culture was grown above peak density to 
enhance cyst formation. Inhibitors and the cysts were added to 96-well plates, similar 
to the inhibitor assay. We incubated the plates under the same growth conditions 
(+25 ºC, no shaking) as previously described for 72 hours. Then the plates were 
emptied and moved on to staining.  

The empty 96-well-plates from both inhibitor and excystation assays were fixed 
with 100 µl of methanol (Sigma‒Aldrich) per well at room temperature for 15 min. 
The plates were reversed to remove methanol and allowed to dry for at least 2 hours. 
Then, 100 µl of 0.1% crystal violet solution (Merck) was added to each well and the 
wells were shaken at 300 rpm for 20 minutes. Crystal violet stains the proteins and 
DNA of the cells (Feoktistova, Geserick, and Leverkus 2016), and the stain is diluted 
for absorbance measurement; thus, the more cells there are, the more bind to the 
stain, leading to a more intense color after dilution and higher absorbance. We 
diluted crystal violet with 100 µl of 10% acetic acid (Sigma‒Aldrich) in each well at 
300 rpm for 15 minutes (Figure 11). Absorbance was measured by analyzing the 
absorbance of light at 590 nm wavelength with Wallac 1420 Manager (PerkinElmer, 
Wallac oy, 1997-2005, version 3.00) at VICTOR3TM 1420 Multilabel Counter 
(PerkinElmer, Waltham, MA, USA).  
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Figure 11.  96-well plate from inhibitor assay stained with crystal violet and ready for colorimetric 

analysis. The inhibitor presented as an example is Fc14-584B. The plates are 24 hours, 48 
hours and 72 hours from top to bottom, inhibitor assay on the left-hand and cyst survival on 
the right-hand side.  

4.5 Cell sample preparation (IV) 
In order to run PCR, cells samples were prepared with the following method. For 
genomic DNA isolation, amoebae were detached from the culture flask and 
centrifuged at 1,500 × g for 5 min. The retrieved cell pellet was handled according 
to the standard protocol for cultured cells by NucleoSpin Tissue (Macherey-Nagel, 
Düren, Germany). The concentration was determined with a NanoDropTM One 
Spectrophotometer (Thermo Fisher Scientific). The concentration varied between 
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22.1-455.6 ng/µl at different isolation times, and samples were diluted into 
appropriate concentrations for developing traditional PCR and qRT‒PCR. Human 
genomic DNA was used as a control to verify the absence of nonspecific binding of 
the primers. Furthermore, the samples are human samples, so the human genome 
will be present; thus, the human genome was isolated from a healthy volunteer’s 
buccal mucosa with the same protocol as the DNA of A. castellanii, resulting in a 
concentration of 8.3 ng/µl.  

To have faster and fewer amoebae-requiring methods, we wanted to bypass the 
DNA isolation step. We collected amoeba samples with different numbers of 
amoebae (from one cyst/trophozoite to hundreds of them) with a borosilicate needle 
(created with P-97 Flaming/Brown Micropipette Puller, Sutter Instruments 
Company, Novato, California, USA) under vision control with a microscope. The 
collected sample was transferred into 100 µl DirectPCR Lysis Reagent (Tail) (Nordic 
BioSite, Täby, Sverige). 3 µl Proteinase K (20 mg/ml, Macherey-Nagel) was added 
to the solution, and the solution was incubated at +55°C at 200 rpm for 30 minutes 
to produce lysate. The lysis reaction was ended using a heating block (+85°C for 50 
minutes), and the lysate was ready for PCR.  

4.6 Development of traditional PCR method (IV) 
Primers were designed using the NCBI Primer-BLAST tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/), and the most promising 21 
primer pairs were selected and manually optimized to enhance the success rate. They 
were tested in a multilevel process and every step ruled out nonfunctioning primers 
and only the best ones continued to the next phase. Initially, the primer pair count 
against different CA genes of A. castellanii ranged from one to six per gene (Table 2), 
but finally, only three pairs against two different genes were found to recognize only 
one cyst or trophozoite from the sample.  

In the first phase reactions, we used isolated genomic DNA as a template and 
gradually lowered the concentration from 46.7 ng/reaction to 2.3 ng/reaction. The 
sequences were confirmed with Sanger sequencing by the Tampere Genomics 
Facility and the primers producing amplicons with incorrect sequences were 
excluded. 

In the second phase, we used lysate as the template and optimized the reaction 
to achieve one amoeba sensitivity (Table 3). The reaction product was run on a 1.6% 
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agarose gel (Meridian Bioscience Inc., Cincinnati, OH, USA) at 105 V for 60 min to 
visualize the results with Image LabTM Software (version 6.0, 2017, Bio-Rad 
Laboratories Inc., Hercules, CA, USA) with the GelGreen protocol with default 
settings except for inverted colors and cropped image windows.  
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Table 2.  The initial primer pairs for the development of the PCR-based diagnostic method. The 
final three pairs functioning in the method are underlined.  

Primer pair Sequence (5’ – 3’) Target gene (Entry ID) 
Product 
length 
(bp) 

bCA_1 F: AAACATTGCCAACACGGTCG 
R: GGTCAGAGATCGTACGCCAG mitBCA (L8GR38) 326 

bCA_2 F: CTGGCGTACGATCTCTGACC 
R: AAGGGTCTCCTACCTCGGAC mitBCA (L8GR38) 332 

bCA_3 F: TTCCTAATGACGCGGACAGG 
R: GCAAAGGGTCTCCTACCTCG mitBCA (L8GR38) 249 

bCA_4 F: AAAGCTGGTACTCACCTGCC 
R: AGGTAGTACTCGGCCGTCAT cpBCA (L8GLS7) 476 

bCA_5 F: ATCTTTGACGAGGGCATGGG 
R: AGAAGGAGGTGTACGGACCT cpBCA (L8GLS7) 623 

bCA_6 F: TAATCTGGGTCGGTTCGTGC 
R: TGGGAGAAGGAGGTGTACGG cpBCA (L8GLS7) 418 

bCA_7 F: CCGGAGCTCATCTTTGACGA 
R: GAGAAGGAGGTGTACGGACC cpBCA (L8GLS7) 633 

bCA_8 F: CGAACCACTGTATGGGCTGT 
R: GAGCGAAAGCGATGAGGGAT tmBCA (L8H861) 310 

bCA_9 F: CCTCCCTGGTTGATTCTCGG 
R: CCGGTCTGATGAGCCACTTC tmBCA (L8H861) 499 

bCA_10 F: CGGTACCCTACATTCCCCGA 
R: CACCAGAGCTGAGGCAGTAG tmBCA (L8H861) 352 

bCA_11 F: CGTCAGGTACTCCATCAGGG 
R: GGCAGGATCTTAGCCACGAG tmBCA (L8H861) 358 

bCA_12 F: GTGTGACGTGGAACTTGCTG 
R: GCGAAAGCGATGAGGGATAGA tmBCA (L8H861) 395 

bCA_13 F: CAGTGTGACGTGGAACTTGC 
R: GAGCGAAAGCGATGAGGGATA tmBCA (L8H861) 399 

aCA_1 F: GTGATACCACGCAACGCATC 
R: CCAACCAACACACACACGAC aCA (L8GPJ9) 472 

aCA_2 F: TTGCAAGTTCATCAGCACGC 
R: TCTTTGGGTAGGAAAGCCCC aCA (L8H518) 476 

aCA_3 F: CACACCTCGAAGAAGCAGGT 
R: GAAAGGGGTGGGTACCGTG aCA (L8GXK3) 440 

aCA_4 F: CGGTACCCACCCCTTTCCTC 
R: CCACGAAGATCCAGCCTAGC aCA (L8GXK3) 326 

gCA_1 F: TGCGACATGTAGGACGGAAC 
R: TGGGCGATGAAAGATGGACG gCA (L8HK20) 671 

gCA_2 F: GATCGTTGGCCACTGGGTTA 
R: TGACAAAAAGCTGCGTGTGG gCA (L8HK20) 645 

gCA_3 F: GCCTGTACGATAAGCAGCCT 
R: GAACGATAACAACGCGGGG gCA (L8GFM8) 579 

gCA_4 F: GTGGGCAAGAAGAGCTCCAT 
R: GCACACGTCAGCCACTGTAT gCA (L8GFM8) 419 
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Table 3.  A. The final PCR mix composition. B. The final PCR protocol for the diagnostic tool. 

A.   

Reaction mix components Volume (µl)  

2 x Phusion Flash High Fidelity 10  

Forward primer (10 µM) 1  

Reverse primer (10 µM) 1  

Nuclease-free H2O 6  

Lysate 2  

Total 20  

B.   

Cycle step Temperature (°C) Time (s) 

1. Initial denaturation + 98 10 

2. Denaturation + 98 1 

3. Annealing + 67 5 

4. Extension + 72 15 

5. Final extension + 72 60 

 38 cycles from 2. to 4.  

4.7 Development of qRT‒PCR method (IV) 
For qRT‒PCR, the amplicon size of 50-150 bp is commonly recommended and by 
the manufacturer of PowerUpTM SYBRTM Green Master Mix (Applied 
BiosystemsTM, Thermo Fischer Scientific), which we used as a master mix in our 
reaction. Hence, the previously designed primers for traditional PCR produce 
amplicons that are too long (326 bp, 332 bp and 671 bp). Therefore, new primers 
were designed with the NCBI Primer-BLAST tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the best primers against 
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both mitBCA (UniProt entry ID L8GR38) and gCA (UniProt entry ID L8HK20), 
which were the gene targets in traditional PCR, were manually selected (Table 4). 
Köhsler et al. compared different reference genes (RGs) used in qRT‒PCR with the 
result of showing 18 s rRNA gene and hypoxanthine-guanine 
phosphoribosyltransferase to have advantages compared to others in different 
experimental conditions (Köhsler et al. 2020). Thus, we selected the primer pair 
18S900 as a reference gene, according to the recommendation (table 4) (Köhsler et 
al. 2020). 

Table 4.  Primers used in qRT‒PCR. 

F, forward primer; R, reverse primer; RG, reference gene 

We conducted qRT‒PCR in a MicroAmpTM Optical 96-Well Reaction Plate 
with Barcode (Applied BiosystemsTM, Thermo Fischer Scientific) with the reaction 
mix shown in Table 5. Water was used as a no-template control, and human DNA 
isolated from the buccal mucosa of a healthy volunteer was used as a negative 
control. The amount of amoeba DNA varied between 0.001 ng and 100 ng per well. 
qRT‒PCR was performed with a QuantStudio 12K Flex Real-Time PCR System 
(Applied BiosystemsTM, Thermo Fischer Scientific) with the protocol presented in 
Table 5.  

4.8 Data analysis 

4.8.1 Statistical analyses (V) 

The absorbance results from the inhibitor and excystation assays were collected in 
Excel format and then transferred to GraphPad Prism (1992-2020 GraphPad 
Software, LLC, version 9.0.0). Absorbance data were collected at 24 h, 48 h and 72 
h timepoints. Differences between concentration groups were evident only at the 72 

Primer pair Sequence (5’ – 3’) Target gene 
(Entry ID) 

Product 
length (bp) 

qgCA_1 F: CAACAAGCACACTACGCTGG 
R:  GTCATACCAGACGGAGGCAC gCA (L8HK20) 130 

qbCA_1 F: GCAGGAACCTCAAGGACGAA 
R:  GCTTACGGCAGCAGTGTTTT 

mitBCA 
(L8GR38) 128 

18S900 (RG) F: GCCCAGATCGTTTACCGTGA 
R:  CATTACCCTAGTCCTCGCG 

18s rRNA 
(L8GGJ8) 148 
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h timepoint, which was the reason that statistical analysis was conducted at that point 
only. Unpaired t-tests were performed between the control curve (0) and the 
concentration under analysis, and figures were drawn with GraphPad Prism.  

 

Table 5.  A. The reaction mix composition used in qRT‒PCR. B. The final qRT‒PCR protocol 
used in the diagnostic tool. 

A.  

Reaction mix components Volume (µl) 

PowerUpTM SYBRTM Green Master Mix 7.5 

Forward primer (10 µM) 0.5 

Reverse primer (10 µM) 0.5 

Nuclease-free H2O 5.5 

Sample* 1 

Total 15 

* isolated amoeba DNA, H2O or human DNA 

B.   

Cycle step Temperature 
(°C) 

Time (s) 

1. Initial denaturation + 60 120 

2. Denaturation + 95 120 

3. Annealing + 95 15 

4. Extension + 62 60 

5. Infinite stage + 4 ∞ 

 40 cycles from 3. to 4. 
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4.8.2 Bioinformatic analyses (I, II, V) 

For the construction of plasmid for recombinant protein production, EhiCA 
required only the standard modifications executed at GeneArt (Invitrogen), but 
SmaBCA proved to require more extensive modifications. GeneArt provided the 
plasmid vector to produce SmaBCA as requested. However, even with extensive 
attempts to produce the recombinant protein, we were unsuccessful in retrieving the 
desired outcome. With closer analysis, Dr. Reza Zolfaghari Emameh found Rho-
independent termination sites that were revealed in the mRNA sequence but not in 
the coding gene sequence. Consequently, he made single-nucleotide alterations to 
prevent immature mRNA production without any mutations to the amino acid 
sequence. Dr. Martti Tolvanen analyzed the sequence of SmaBCA against other 
Schistosoma species β-CAs, and the C-terminus was found to be incomplete. He made 
a prediction of the correct C-terminal sequence, which was combined with the single 
mutations, and we received a functioning plasmid vector from GeneArt. Later, in 
2019, a new version of SmaBCA was updated in UniProt (UniProt ID 
A0A3Q0KBP5) which has only one amino acid difference from our sequence 
(N264D) probably due to the data retrieval method, e.g., we used genomic data while 
in the database, the transcriptomic data was used. A more detailed description of the 
alterations of the sequence is in publication III.  

A 3D-model of SmaBCA was constructed with AlphaFold by Dr. Martti 
Tolvanen. The β-CA of Pisum sativum was used as a template for the model as 
described in detail in publication III. Multiple sequence alignment comparing our 
new sequence for SmaBCA and three homologs of other Schistosoma species was 
performed with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) 
(Sievers et al. 2011; Madeira et al. 2022) and visualized with ESPript 3.0 
(https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) (Robert and Gouet 2014). A 
total of 162 sequences of metazoan β-CAs were aligned and constructed as a 
sequence logo using Berkeley WebLogo version 3.7.12 
(https://weblogo.threeplusone.com/) (Crooks et al. 2004) as described in detail in 
publication III. MSA of selected protozoan and bacterial β-CA sequences with 
SmaBCA was performed with Clustal Omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al. 2011; Madeira et al. 
2022). Both the 3D-model and MSAs were constructed by Dr. Martti Tolvanen. 

We were interested if A. castellanii even expresses its CAs, a point crucial for the 
inhibition studies. We obtained RNA expression data from the pre-and 
postinfectional state of A. castellanii with Protochlamydia amoebophila (König et al. 2017). 
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h timepoint, which was the reason that statistical analysis was conducted at that point 
only. Unpaired t-tests were performed between the control curve (0) and the 
concentration under analysis, and figures were drawn with GraphPad Prism.  

 

Table 5.  A. The reaction mix composition used in qRT‒PCR. B. The final qRT‒PCR protocol 
used in the diagnostic tool. 

A.  

Reaction mix components Volume (µl) 
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B.   

Cycle step Temperature 
(°C) 

Time (s) 
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5. Infinite stage + 4 ∞ 
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The data management and analyses were performed with the help of Mr. Harlan 
Barker. We only analyzed the preinfectional data as we were interested in the basal 
expression of different proteins. There was one value of expression for each gene in 
preinfectional state. Of the eight CAs in the genome of A. castellanii, five were found 
in the transcriptional data indicating that they are transcribed into mRNA, and 
possibly translated into the amino acid chain. Mr. Harlan Barker transformed the 
reads per kilobase million (RPKMs) into transcripts per million (TPMs) with the 
formula presented in S. Zhao, Ye, and Stanton 2020 to make the results comparable 
with other datasets. In the analysis of all genes, we show the mean expression value 
of the genes, and with an error bar the maximum expression. The analysis and graphs 
were created with GraphPad Prism (1992-2020 GraphPad Software, LLC, version 
9.0.0). 

Many databases were used in the search for information on the characteristics of 
the CAs of the parasites. As primary sequence databases, we used UniProt 
(https://www.uniprot.org/) for amino acid sequences and NCBI (The National 
Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov/) for DNA 
and RNA sequences supplemented with BLAST searches with Ensembl 
(https://www.ensembl.org/index.html) and for SmaBCA also WormBase 
(https://wormbase.org//#012-34-5). Predictions of the subcellular locations of the 
CAs were performed with DeepTMHMM 
(https://dtu.biolib.com/DeepTMHMM/ ) (Hallgren et al. 2022) to aid and predict 
the characteristics of recombinant proteins in production.  

4.9  Ethics (I‒V) 
Pathogenic organisms are graded with biosafety level (BSL) ranking according to 
their evaluated biohazardous potential. The ranking is four-scale, with 1 being the 
lowest and 4 being the highest stage. The organisms in our experiments, E. coli and 
A. castellanii, are graded as BSL 1 and BSL 2 ‒level organisms, respectively. The cell 
provider ranks A. castellanii as BSL 1 because it is not from a human sample, but the 
Finnish legislation grades it BSL 2 as it is potentially harmful to humans. 
Fundamental safety and laboratory instructions were followed when working with 
E. coli; nevertheless, working with A. castellanii was more constricted, containing a 
limited number of trained personnel and special waste handling to successfully 
prevent contamination to the environment as well as the infections of personnel. 
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The organisms we used, E. coli and A. castellanii, are not covered by test animal 
licenses; thus we were not obliged to apply for them for our experiments.  
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5 RESULTS 

5.1 Recombinant CA enzymes 
We produced recombinant β-CA enzymes of S. mansoni (SmaBCA) and E. histolytica 
(EhiCA) that were discovered to be doublet polypeptides with molecular weight 
21/25 kDa and 25/28 kDa, respectively. SmaBCA retained the polyhistidine-tag, in 
contrast to EhiCA, where it was cleaved by thrombin treatment. The purified 
SmaBCA showed altogether six polypeptide bands in the gel electrophoresis and 
EhiCA four (Figure 10), all confirmed with mass spectrometry (data not shown). 

The original genomic sequence of SmaBCA had inaccuracy in its predicted form 
in the Uniprot database. By comparing multiple sequences Dr. Martti Tolvanen 
made a new corrected prediction with alteration to the C-terminus of the sequence. 
Protein production was successful with these alterations combined with other 
modifications designed by Dr. Reza Zolfaghari Emameh to the coding sequence to 
prevent Rho-independent termination site formation in a prokaryotic cell. These 
protocols were described in the earlier chapter in more detail.  

The kinetics of the produced recombinant SmaBCA and EhiCA were measured 
by our collaborators in Professor Claudiu Supuran’s laboratory. The results were 
compared to the activity of human CA I and II (Table 6).  

Multiple CAIs belonging to anion and sulfonamide groups were tested against 
SmaBCA and EhiCA (Table 7). The most efficient compounds were 4-(2-amino-
pyrimidin-4-yl)-benzenesulfonamide (compound 19) and 4-hydroxyethyl-
benzenesulfonamide (compound 17). Many CAIs were effective in the nanomolar 
range and most of them at micromolar or submicromolar level.  
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Figure 12.  SDS-PAGE images presenting SmaBCA and EhiCA. A. SDS‒PAGE of SmaBCA 

presenting six polypeptide bands: 13 and 22 kDa representing degraded forms, double band 
of 25/28 kDa as the main SmaBCA protein, and 38 and 75 kDa presumably oligomeric 
states. B. SDS‒PAGE of EhiCA illustrating four polypeptide bands: 21/25 kDa representing 
the main forms and 50 and 75 kDa supposedly oligomers. Left lanes are standard molecular 
weight (MW) markers in kDa. All polypeptides mentioned above were isolated and confirmed 
to represent correct proteins by mass spectrometry (data not shown). 
  

Table 6.  Kinetic properties of SmaBCA and EhiCA. Human CA isoenzymes I and II were used 
for comparison. Classically, human CA I is considered moderately active, while human 
CA II is highly active. The activity of SmaBCA is lower than that of hCA I. The activity of 
EhiCA is between hCA I and hCA II. Table collected and built from publications I, II and 
III.  

Enzyme kcat (s-1) Km (mM) kcat/Km  
(M-1 x s-1) 

Family 
SmaBCA 1.38 x 105 5.9 2.33 x 107 β 
EhiCA (6.7 ± 0.2) x 105 7.5 ± 0.08 (8.9 ± 0.1) x 107 β 
hCA I 2.0 x 105 4.0 5.0 x 107  α 
hCA II 1.4 x 106 9.3 1.5 x 108 α 
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Table 7.  Inhibition of SmaBCA and EhiCA with sulfonamides, anions and clinically used drugs. 
The inhibition of human CA I (hCA I) and CA II (hCA II) is presented for comparison. 
Data for the table were collected from publications I, II and III.  

Compound SmaBCA 
KI (µM)* 

EhiCA 
KI(µM)* 

hCA I 
KI(µM)* 

hCA II 
KI(µM)* 

1 1.830 2.263 28.0 0.300 

2 2.516 6.011 25.0 0.240 

3 1.556 0.951 0.079 0.003 

4 0.776 0.833 78.5 0.320 

5 0.788 0.567 25.0 0.170 

6 0.327 0.798 21.0 0.160 

7 0.872 >10 8.30 0.060 

8 0.372 >10 9.80 0.110 

9 0.960 >10 6.50 0.040 

10 0.935 4.656 7.30 0.054 

11 2.040 0.742 5.80 0.063 

12 0.417 1.911 8.40 0.075 

13 0.314 0.821 8.60 0.060 

14 0.375 0.579 9.30 0.019 

15 0.982 0.772 5.50 0.080 

16 0.600 0.089 9.50 0.094 

17 0.346 0.036 21.0 0.125 

18 1.043 0.383 0.164 0.046 

19 0.044 0.521 0.109 0.033 

20 0.316 0.385 0.006 0.002 

21 0.255 0.368 0.069 0.011 

22 0.378 0.331 0.164 0.046 

23 0.241 0.290 0.109 0.033 

24 0.750 0.285 0.095 0.030 
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Sulpiride 0.254 >10 1.20 0.040 

Indisulam (E7070) 0.812 0.822 0.031 0.015 

Zonisamide 0.521 9.595 0.056 0.035 

Celecoxib 0.092 >10 50.0 0.021 

Valdecoxib 0.474 >10 54.0 0.043 

Sulthiame 0.758 6.727 0.374 0.009 

Saccharin 0.091 >10 18.540 5.959 

Hydrochlorothiazide 0.918 3.402 0.328 0.290 

Famotidine 0.096 NM NM NM 

Dichlorphenamide 0.545 0.790 1.20 0.038 

Epacadostat 0.092 NM NM NM 

Acetazolamide 0.286 0.509 0.250 0.012 

Methazolamide 0.210 0.845 0.050 0.014 

Ethoxzolamide 0.246 0.746 0.025 0.014 

Dorzolamide 0.090 6.444 50.0 0.009 

ClO4- NM >100 000 >200 000 >200 000 

Brinzolamide 0.083 3.051 45.0 0.003 

Benzolamide 0.079 2.471 0.015 0.009 

Topiramate 0.083 3.100 0.250 0.010 

NO2- >10 000 1 700 8 400 63 000 

NO3- 2 270 3 600 7 000 35 000 

HCO3- 7 840 280 12 000 85 000 

CO32- 740 2 400 15 000 73 000 

HSO3- 4 260 11 500 18 000 89 000 

SO42- 3 720 21 600 63 000 >200 000 

F- 6 280 >100 000 >300 000 >300 000 

Cl- 2 850 >100 000 6 000 200 000 

Br- 2 840 36 800 4 100 63 000 

I- 840 7 400 300 26 000 
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CNO- 890 770 0.70 30.0 

SCN- 930 7 900 200 1 600 

HS- 820 6 900 0.60 40.0 

CN- 930 >100 000 0.50 20.0 

N3- 800 >100 000 1.20 1 510 

Sulfamide 8 28 310 1 130 

Sulfamic acid 40 >100 000 21 390 

Phenylarsonic acid 20 38 31 700 49 200 

Phenylboronic acid 520 47 38 600 23 100 

SnO32- 960 510 570 830 

SeO42- 3 490 6 000 118 000 112 000 

TeO42- 4 900 610 660 920 

OsO52- 580 NM NM NM 

P2O72- >10 000 >100 000 25 800 48 500 

V2O72- >10 000 >100 000 540 570 

B4O72- 4 300 290 640 950 

ReO4- 9 090 7 100 110 750 

RuO4- 3 650 7 000 100 690 

S2O82- >10 000 8 400 110 84.0 

SeCN- 220 870 85.0 86.0 

NH(SO3) 2- >10 000 2 200 310 760 

FSO3- >10 000 86 790 460 

CS32- 3 330 6 000 8.7 8.8 

Et2NCS2- 420 510 0.79 3 100 

PF6- >10 000 >100 000 >200 000 >200 000 

Triflate >10 000 >100 000 >200 000 >200 000 

BF4- NM >100 000 >200 000 >200 000 

NM = not measured, *Mean from 3 distinct measurements with stopped-flow, CO2 hydrase assay (Khalifah 1971) with 
errors in the range of 5-10%. 
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5.2 Inhibition of Acanthamoeba castellanii 
We developed a novel drug screening method for analyzing the efficiency of various 
drug candidates against A. castellanii. The method includes two assays: inhibitor assay 
and excystation assay, from which the former is biphasic. Our method exposes both 
cysts and trophozoites to the inhibitor effect and indirectly presents the infectious 
capacity of cysts (e.g., the ability of cysts to excystate). As a result, we found three 
commonly known, clinically used CAIs to be effective against A. castellanii: 
acetazolamide, dorzolamide and ethoxzolamide in both inhibitor (Figures 11 and 12) 
and excystation assays (Figure 13). Acetazolamide was effective against trophozoites 
and the excystation of cysts with the concentration of 100 µM for both, while 
dorzolamide was effective with concentrations of 100 nM and 10 µM, respectively. 
For ethoxzolamide the analogous concentrations were 938 nM and 188 nM. Fc14-
584B was also effective with the concentrations of 15.6 µM and 62.5 µM, but it is 
not in clinical use, which makes it less compelling against the other tested CAIs. 
Propamidine was also tested to compare CAIs to a drug used in treating AK which 
was effective with all tested concentrations.  

The cyst survival test represents the ability of cyst to preserve their infective 
capacity after the inhibitor effect. In this context, acetazolamide, dorzolamide, 
ethoxzolamide and Fc14-584B showed good inhibitory capacity. However, in 
inhibitor assay and excystation assay, brinzolamide was indicated to be relatively 
ineffective against A. castellanii. The statistical significance was calculated between 
different concentrations and the control (curve 0) at 72 h. 
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commonly known, clinically used CAIs to be effective against A. castellanii: 
acetazolamide, dorzolamide and ethoxzolamide in both inhibitor (Figures 11 and 12) 
and excystation assays (Figure 13). Acetazolamide was effective against trophozoites 
and the excystation of cysts with the concentration of 100 µM for both, while 
dorzolamide was effective with concentrations of 100 nM and 10 µM, respectively. 
For ethoxzolamide the analogous concentrations were 938 nM and 188 nM. Fc14-
584B was also effective with the concentrations of 15.6 µM and 62.5 µM, but it is 
not in clinical use, which makes it less compelling against the other tested CAIs. 
Propamidine was also tested to compare CAIs to a drug used in treating AK which 
was effective with all tested concentrations.  

The cyst survival test represents the ability of cyst to preserve their infective 
capacity after the inhibitor effect. In this context, acetazolamide, dorzolamide, 
ethoxzolamide and Fc14-584B showed good inhibitory capacity. However, in 
inhibitor assay and excystation assay, brinzolamide was indicated to be relatively 
ineffective against A. castellanii. The statistical significance was calculated between 
different concentrations and the control (curve 0) at 72 h. 
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Figure 13.  The first phase of the inhibitor assay represents the inhibition of growth of A. castellanii with 

six different inhibitors. The absorbance of different concentrations of inhibitors were 
compared with the control curve (0) at 72 h time point to determine the statistical 
significance. Figure begins already at page 72. *= p<0.05 
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Figure 14.  The second phase of the inhibitor assay illustrates cyst survival after the inhibitor effect, 

hence modeling the infectious capacity of the cysts after treatment. The same six CA 
inhibitors are used as in the first phase and the obtained absorbance data of different 
inhibitor concentrations are compared to control curve (0) at 72 h to determine statistical 
significance. Figure begins already at page 74. *= p<0.05 
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Figure 15.  The excystation assay illustrates the capacity of cysts to excystate in the presence of six 

different CA inhibitors. The absorbance data of different concentrations of the inhibitors were 
compared to the control curve (0) at 72 h to determine the statistical significance. *= p<0.05 

5.3 Diagnostic method for detecting Acanthamoeba castellanii 
We developed traditional PCR and qRT‒PCR-based methods to detect A. castellanii 
from a sample (Figure 16). Traditional PCR offers a result with the sensitivity of only 
one cyst or trophozoite in less than three hours. Hence, the result can be obtained 
during the patient’s emergency room visit and the correct treatment initiated almost 
instantly. The method does not require any expensive or special laboratory 
technology or equipment: a traditional thermocycler and gel electrophoresis facility 
are enough. Thus, it can be performed in any diagnostic laboratory. We found three 
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primer pairs, two detecting a β-CA and one detecting γ-CA of A. castellanii, to provide 
equally accurate results in the same amount of time (Figure 17).  

We also developed a qRT‒PCR method as it is nowadays more commonly used 
in modern diagnostic laboratories. Our method uses two alternative primer pairs: 
one against the same β-CA as in traditional PCR and the other against the same γ-
CA. Both primer pairs can detect 0.01 ng of amoeba DNA at the minimum. The 
genome of A. castellanii is at least 1.9 ng [equal to 42.02 Mb (Hasni et al. 2020)]; 
therefore, with our method, a single trophozoite or cyst of A. castellanii can be 
detected. 

 

 
Figure 16.  Pipeline of both traditional PCR and qRT‒PCR methods designed for diagnostics of A. 

castellanii. The result is achieved in less than three hours by both methods. Figure created 
with Biorender.com.  
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Figure 17.  The results from traditional PCR represented in agarose gel with 1 kb standard marker. 

Lines: 1) one cyst, 2) one trophozoite, 3) 5 cysts and 5 trophozoites, 4) buccal mucosa, 5) 
amoebas with buccal mucosa, 6) hundreds of amoebas, 7) negative control 

5.4 Bioinformatic analyses 

5.4.1 3D-modeling of SmaBCA 

The 3D model of SmaBCA was predicted with AlphaFold (Figure 18). The model 
predicts a dimer to be the most likely form of existence in nature, as the N-terminal 
α-helices are positioned next to the other monomer, similar to the dimer of β-CA of 
Pisum sativum (Kimber 2000).  
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Figure 18.  The 3D model of SmaBCA predicts the enzyme to be a dimer. The metal binding amino 

acids, Cys 38, His 103, and Cys 106, are shown with the coordinated Zinc2+-ion (pink 
sphere). Colors show the per-residue confidence score (pLDDT) for both monomers 
individually. The original figure is from publication III and reproduced here under a Creative 
Commons License.  

5.4.2 Sequence similarities of different protozoans 

An MSA comparing the sequences of β-CAs of Schistosoma species is shown in Figure 
19. The β-CAs are highly conserved among Schistosoma species, as 244 amino acids 
(91.7%) are at least 75% conserved and 175 amino acids (65.8%) are fully conserved. 
The MSA represents also the variability among different Schistosoma species in the N-
terminus of the sequence, which was the site that our analysis revealed to be 
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incorrectly predicted earlier, which rendered the first attempts to produce 
recombinant SmaBCA unsuccessful.    

 
Figure 19.  Multiple sequence alignment shows the similarities of the sequences of β-CAs of different 

Schistosoma species. Red areas represent fully conserved amino acids, and boxed areas 
represent at least 75% conserved residues. The active sites (CXDXR and HXXC) are fully 
conserved and are indicated with black triangles. α-folds and β-sheets are indicated above 
the sequence rows. The original figure is from publication III and reproduced here under a 
Creative Commons License.  

The sequence logo compares 162 metazoan sequences displaying 19 totally 
conserved areas and 26 almost conserved areas (Figure 20). This represents the high 
similarities among metazoans. Naturally, the totally conserved areas include the 
active site (CXDXR and HXXC).  
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Figure 20.  Sequence logo of 162 metazoan β-CA sequences. The active sites CXDXR and HXXC are 

visualized on the second and third row respectively. The original figure is from publication 
III and reproduced here under a Creative Commons License.  

5.4.3 Expression of CAs of A. castellanii 
We analyzed the mRNA data of A. castellanii (König et al. 2017) to determine the 
expression levels of different CAs of A. castellanii to predict the possible effect of 
inhibitors on the organisms (Figure 21). It seems that at least four CAs show high or 
slightly higher expression levels compared to other genes. We found that one of the 
γ-CAs (ACA1_260080) had high mRNA expression levels and all others, except one 
α-CA (ACA1_130470), had moderate expression compared to mRNA expression 
levels of all known genes of A. castellanii.  
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Figure 21.  Expression of CAs of A. castellanii compared to the mean expression of all genes. TPM= 

transcripts per million  
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6 DISCUSSION 

6.1 Fight against diarrhea 
Diarrhea is the second leading cause of death in children under the age of five (Hart 
and Umar 2000; Centers for Disease Control and Prevention 2013). In 2015, it was 
a leading cause of death among all ages, with 1.31 million deaths globally (Troeger 
et al. 2017). Diarrhea can be caused by bacteria, viruses, fungi (Levine, Dykoski, and 
Janoff 1995), or parasites; approximately 5-10% of diarrhea in children under the age 
of five is caused by parasites (WHO). The severity of the symptoms may differ widely 
from mild intermittent abdominal pain to fever and dehydration. However, many 
parasites do not cause diarrhea. Diarrhea is a common symptom only in parasitic 
infections caused by Entamoeba histolytica, Giardia lamblia, Cryptosporidium, Strongyloides, 
Trichuris trichiura, Schistosoma, and occasionally Ascaris and Ancylostoma (Gendrel, 
Treluyer, and Richard-Lenoble 2003). 

S. mansoni and E. histolytica are prevalent in the same areas of the world, which 
emphasizes the desire to have a single medication to treat both. Comparison of the 
inhibitors tested on SmaBCA and EhiCA revealed that there are compounds 
showing good inhibitory effects on both proteins. It may be a beneficial feature for 
the drug to be effective on both organisms as they are endemic in the same areas, 
thus leading to better compliance and adherence with the use of only one drug. It 
might also have economic benefits, as there would be a need for only one drug to 
treat two infections, even at the same time. Promising compounds inhibiting both 
recombinant enzyme proteins are 4-hydroxymethyl/ethyl-benzenesulfonamides 
(compounds 16 and 17), 4-(2-aminoethyl)benzenesulfonamide (compound 6), 4-((2-
amino-4-pyrimidinyl)amino)benzenesulfonamide (compound 19) and acetazolamide 
with KIs of 36-798 nM for EhiCA and 44-600 nM for SmaBCA (Table 7). Currently, 
praziquantel is the only universal drug against infections caused by Schistosoma 
species; however, there are preliminary signs of rising resistance, which could cause 
major challenges in treatment and prevention if the resistance develops significantly 
(Doenhoff et al. 2002; Botros and Bennett 2007). The previously used drug, 
oxamniquine, is effective on S. mansoni, whereas it is inefficient against the other 
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species. The high similarity between sequences of β-CAs of different Schistosoma 
species offers insight into developing CAI-based universal drugs against them all. 

6.2 Carbonic anhydrase inhibitors – the answer to antimicrobial 
resistance? 

Antimicrobial resistance (AMR) is a global problem that the WHO has listed as one 
of the top 10 global public health threats (World Health Organization 17.11.2021, 
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance). 
Antibiotics are originally chemical compounds produced by microbes to fight for 
living space in an ecosystem (Hutchings, Truman, and Wilkinson 2019). However, 
microbes have protected themselves against other microbes’ attacks by developing 
resistance mechanisms, for example enzymes that degrade antibiotics. People 
learned to isolate and utilize antibiotics in the 20th century. Additionally, these were 
learned to synthesize on a large scale, which started the wide distribution revolution 
of the antibiotic era. Unfortunately, after the 1980s, there have been no new 
discoveries of mechanisms of action for antimicrobials (Hutchings, Truman, and 
Wilkinson 2019). Currently, the misuse and overuse of antimicrobials is a major 
global problem, which accelerates the development of microbes' resistance 
mechanisms, which worsens the AMR problem.  

CAIs are a potential new class of antimicrobial agents that are under vigorous 
research (Nocentini, Capasso, and Supuran 2023). They are being investigated to 
fight tuberculosis (Aspatwar et al. 2018), Helicobacter pylori (Supuran and Capasso 
2020; Flaherty, Seleem, and Supuran 2021) and vancomycin-resistant Enterococcus 
species (Supuran and Capasso 2020), for instance. Most of the studies have been 
performed in vitro, either investigating inhibitors against recombinant proteins or 
bacterial cell cultures (Nocentini, Capasso, and Supuran 2023). There have been 
promising results, but they require confirmation of action and efficiency in both 
animal and human testing. Unfortunately, no clinically approved CAIs are in use as 
antimicrobials. However, at least one clinical study has been conducted with 
volunteers with unsuccessful eradication of Helicobacter pylori with acetazolamide 
(Shahidzadeh et al. 2005), but the treatment time was too short to prove the CAI 
neither effective nor ineffective (Buzás 2005).  

Inhibitor studies have been performed on, for example, the β-CAs of Trichomonas 
vaginalis (Urbanski et al. 2020), Leishmania donovani chagasi (Syrjänen et al. 2013) and 
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Ascaris lumbricoides (Emameh et al. 2015), but none of them have been investigated in 
vivo. The situation is now similar with S. mansoni and E. histolytica, as we conducted 
only in vitro studies on the inhibition of β-CAs. All of these inhibitor studies have 
introduced good candidates for antimicrobial agent development, but unfortunately, 
it will take years at a minimum to have CAI-based drugs in clinical use to fight against 
the infections caused by these parasites.  

We selected a different approach for the purpose of investigating the possibilities 
of using CAIs against A. castellanii. First, we aimed to purify endogenous CAs of A. 
castellanii using a classical CA inhibitor affinity chromatography method. The purified 
enzymes would have been subjected for additional purification steps, such as ion 
exchange chromatography, and subsequent inhibition studies. However, the CA 
inhibitor affinity chromatography failed to produce any positive signal of CA in SDS-
PAGE (data not shown). This can be explained by most A. castellanii CAs being 
membrane-bound or mitochondrial, which are challenging forms for isolation using 
the classical CA inhibitor affinity chromatography. Furthermore, it is possible that 
A. castellanii CAs do not bind efficiently enough to the p-aminomethylbenzene 
sulfonamide that is coupled to the chromatography matrix. Second, we also tried to 
produce the CAs as recombinant proteins in the E. coli expression system, but we 
were unsuccessful with the ligation of the insert to the plasmid. Since both prior 
attempts failed to produce desired proteins for inhibition studies, we decided to 
investigate the effects of selected CAIs directly in the amoeba culture. To reach this 
goal we first had to develop a new drug screening assay that could bypass the 
limitations of existing assays.  

The most commonly used drug screening assay for Acanthamoeba is conducted 
with trypan blue and a hemocytometer to determine the cell count (Anwar, Numan, 
et al. 2019; Shahbaz et al. 2020). The problem in this method is the cell counting: as 
the analysis only takes a portion of the culture medium, the distribution of cells might 
be different in the whole medium than in the sample. Ortega-Rivas et al. created a 
new method for detecting the amoebicidal effects of a potential drug in vitro (Ortega-
Rivas et al. 2016). They used a colorimetric assay based on sulforhodamine B (SRB) 
staining, which, unfortunately, generates a limitation to the method: SRB can bind 
only to trophozoites, whereas the cysts remain completely undetected. In the 
diagnostics of A. castellanii, detection of cysts is especially important, because they 
can serve as reservoirs for relapsing infections.  

However, our method is not without limitations either. We found that 
propamidine and brinzolamide are prone to crystallization at high concentrations. 
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Chlorhexidine and polyhexamethylene biguanide hydrochloride crystallized even at 
low concentrations, which is why they were ruled out as controls. To avoid bias, we 
addressed this issue by inspecting the wells with a light microscope before the 
analysis. Nevertheless, a major benefit of our assay is that it enables us to test the 
inhibitors’ effect on cysts and their ability to excystate different from the earlier 
method. 

From various CAIs we selected acetazolamide, dorzolamide, brinzolamide and 
ethoxzolamide because they are or have been in clinical use for other indications. 
We also used Fc14-584B in the testing because it is a promising new CAI investigated 
as a new potential drug compound that is effective against mycobacterial beta-CAs. 
It has been tested on zebrafish and proven to have a minimal toxic effect at a 
concentration of 300 µM and an LC50 value of 498.1 µM on five-day-old zebrafish 
larvae (Aspatwar et al. 2017). In our studies, it was effective against trophozoites at 
a concentration of 15.6 µM.  

Acetazolamide and dorzolamide are both used to treat glaucoma (Rosenberg et 
al. 1998; Scozzafava and Supuran 2014), and acetazolamide is also used in mountain 
sickness and epilepsy (Farzam and Abdullah 2022). Acetazolamide is administered 
orally or intravenously and, more rarely, intramuscularly, with doses of 250 mg to 
1000 mg per day. Oral dose of 250 mg leads to a blood concentration of 72.0 µM 
(Larsson and Alm 1998). There are no studies available on the concentration that is 
transmitted to aqueous humor from systemic circulation. Acetazolamide can cross 
the blood brain barrier (Sun et al. 2001; Provensi et al. 2019), which makes it a 
potential candidate for treating GAE and other invasive A. castellanii infections. 
Usually, invasive A. castellanii infections have high mortality; thus, this finding brings 
new possibilities to treat these devastating diseases. With intravenous administration 
of 250 mg, a concentration of 225 µM can be achieved in blood, which would be 
more than enough considering the effective inhibitory concentration of 100 µM 
against trophozoites.  

We used commercially available dorzolamide to simulate the real effect of 
administrating the drug topically in the eye. The concentration of the clinically used 
eye drops, Trusopt (Santen Oy), is 20 mg/ml which equals to approximately 55 mM. 
With this setting, dorzolamide was shown to have a good inhibitory effect against 
trophozoites at a concentration of 100 nM and against cysts at the concentration of 
50 mM, which would be met with the already available eye drop. The result is 
especially promising as dorzolamide has been used in patient care for a long time 
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and its side effects are known. They are mainly mild, for example irritation of the 
eye, and severe or systemic side effects are rare.  

6.3 Novel prospects for the diagnosis of Acanthamoeba keratitis 
PCR is a basic research laboratory technique that was invented in the 1980s 
(Templeton 1992; Garcia and Ma 2005), and since then it has revolutionized not only 
research but also diagnostics of infections and genetic disorders, criminology, 
forensics, and archeology (Lenstra 1995). There have been many technological 
modifications, such as quantitative PCR, reverse transcription PCR and loop-
mediated amplification.  

Even though laboratory diagnostics of various diseases has tremendously 
developed during the past decades, old-fashioned tools and methods are still widely 
used in clinical laboratories worldwide. As such an example, culturing the cornea 
sample is still the gold standard for diagnosing AK. However, culturing is time-
consuming and fairly inaccurate, while PCR would be faster, and most already 
existing qPCR methods can detect fewer than 10 amoebae (Rivière et al. 2006). The 
superiority of in vivo confocal microscopy and PCR methods is fortunately becoming 
recognized (Zhang et al. 2023). Many commercially available PCR-based detection 
methods for A. castellanii are available (publication IV), but for some reason, none 
of them dominate in the clinical laboratory diagnostics. One reason could be that 
they are stated to be for research purposes only, and they would need further 
validation and bureaucracy to be officially accepted as a medical device. However, 
El-Sayed et al. presented a method that can recognize A. castellanii directly from a 
smear sample, but they did not state how many amoebae they can recognize and 
whether cysts can be detected (El-Sayed et al. 2014). Although their method has been 
tested on patient samples, it has not yet reached widespread use. In addition, 
Qvarnstrom et al. presented a technique that identifies A. castellanii, Balamuthia 
mandrillaris and Naegleria fowleri (Qvarnstrom et al. 2006). It could be a good choice 
for the detection of invasive infections caused by these pathogens including brain 
abscesses.  

qRT‒PCR is considered more effective than traditional PCR in large diagnostic 
laboratories, as it is more automated and can analyze more samples at once. 
Traditional PCR can also be performed with limited budget as there is no special 
need for expensive equipment other than a normal thermal cycler. A new insight 
would be to develop a point-of-care device for rapid diagnostics, removing the need 
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for a sample transfer to the clinical laboratory, and thus, could also be performed in 
rural and distant areas without an easy access to the diagnostic laboratory.  
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7 SUMMARY AND CONCLUSIONS 

The experiments and results of this thesis are part of the larger project of Seppo 
Parkkila’s research group where we investigate protozoan CAs. This thesis aimed to 
extend the knowledge of three different parasites and the diseases they cause with 
biochemical and bioinformatic methods. The diseases caused by these parasites are 
poorly treated and have limited prevention options. We produced two novel 
recombinant proteins of S. mansoni and E. histolytica, found promising inhibitors 
against them in vitro, and developed a new rapid diagnostic method for AK 
diagnostics as well as a robust drug screening assay tool for discovering new potential 
medicines for infections caused by A. castellanii. We also presented auspicious CA 
inhibitors to treat the infections. 

The achieved results were as follows: 

• Successful production of recombinant β-CA of S. mansoni, and the most 
effective CAI against it is 4-(2-amino-pyrimidin-4-yl)-benzenesulfonamide 
(compound 19) with a Ki of 44 nM.  

• Successful production of recombinant β-CA of E. histolytica, and the most 
effective CAI against it is 4-hydroxyethyl-benzenesulfonamide (compound 
17) with a Ki of 36 nM. 

• S. mansoni and E. histolytica have greatly overlapping endemic areas, and the 
most effective CAIs against β-CAs of S. mansoni and E. histolytica are 4-
hydroxymethyl-benzenesulfonamide (compound 16, Kis 600 nM and 89 nM, 
respectively), 4-hydroxyethyl-benzenesulfonamide (compound 17, Kis 346 
nM and 36 nM, respectively) and 4-(2-amino-pyrimidin-4-yl)-
benzenesulfonamide (compound 19, Kis 44 nM and 521 nM, respectively). 

• Development of two novel diagnostic methods taking less than three hours 
for detecting A. castellanii from a biological sample. The detection protocol 
based on qRT-PCR can also be used as a foundation for other detection 
protocols for free-living amoebae.  
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• A novel drug screening method including assays for both trophozoites and 
cysts helps to investigate potential drugs to treat infections caused by A. 
castellanii. 

• Acetazolamide and dorzolamide, already widely clinically used CAIs, are 
effective against both trophozoites and cysts of A. castellanii and offer new 
potential drug candidates to be investigated in managing the infections 
caused by A. castellanii.  
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Abstract: We report the cloning and catalytic activity of a β-carbonic anhydrase (CA, EC 4.2.1.1),
isolated from the pathogenic protozoan Entamoeba histolytica, EhiCA. This enzyme has a high catalytic
activity for the physiologic CO2 hydration reaction, with a kcat of 6.7 × 105 s−1 and a kcat/Km

of 8.9 × 107 M−1 × s−1. An anion inhibition study of EhiCA with inorganic/organic anions and
small molecules revealed that fluoride, chloride, cyanide, azide, pyrodiphosphate, perchlorate,
tetrafluoroborate and sulfamic acid did not inhibit the enzyme activity, whereas pseudohalides
(cyanate and thiocyanate), bicarbonate, nitrate, nitrite, diethyldithiocarbamate, and many complex
inorganic anions showed inhibition in the millimolar range (KIs of 0.51–8.4 mM). The best EhiCA
inhibitors were fluorosulfonate, sulfamide, phenylboronic acid and phenylarsonic acid (KIs in the
range of 28–86 µM). Since β-CAs are not present in vertebrates, the present study may be useful for
detecting lead compounds for the design of effective enzyme inhibitors, with potential to develop
anti-infectives with alternative mechanisms of action.

Keywords: carbonic anhydrase; metalloenzymes; protozoan; Entamoeba histolytica; anions; inhibitor

1. Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are enzymes that effectively catalyze the reaction
between CO2 and water, yielding bicarbonate (HCO3

−) and protons (H+). They are among the fastest
catalysts known in nature [1–3]. CAs are multifunctional enzymes, which play a central role in different
physiological, biochemical, and metabolic processes, such as acid-base homeostasis; respiratory gas
exchange; electrolyte secretion; and biosynthesis of urea, glucose, fatty acids, and carbamoyl phosphate.
They are also vital in ionic transport, muscular contraction (in vertebrates), and photosynthesis
(in plants and algae). Seven distinct genetic families (i.e., the α, β, γ, δ, ζ, η, and θ class CAs) are known
to date, with a wide distribution in organisms throughout the tree of life [4–10]. The CA classes do not
share any significant sequence and structural identity, being a paradigmatic example of convergent
evolution at the molecular level [1–3].

The first β-CA was discovered in 1939, but it took several decades until it was recognized
as evolutionarily and structurally distinct from the previously studied CAs, those belonging to
the α-class [11]. After the 1990s, many new β-CAs were discovered in the genomes of various
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Abstract: We report the cloning and catalytic activity of a β-carbonic anhydrase (CA, EC 4.2.1.1),
isolated from the pathogenic protozoan Entamoeba histolytica, EhiCA. This enzyme has a high catalytic
activity for the physiologic CO2 hydration reaction, with a kcat of 6.7 × 105 s−1 and a kcat/Km

of 8.9 × 107 M−1 × s−1. An anion inhibition study of EhiCA with inorganic/organic anions and
small molecules revealed that fluoride, chloride, cyanide, azide, pyrodiphosphate, perchlorate,
tetrafluoroborate and sulfamic acid did not inhibit the enzyme activity, whereas pseudohalides
(cyanate and thiocyanate), bicarbonate, nitrate, nitrite, diethyldithiocarbamate, and many complex
inorganic anions showed inhibition in the millimolar range (KIs of 0.51–8.4 mM). The best EhiCA
inhibitors were fluorosulfonate, sulfamide, phenylboronic acid and phenylarsonic acid (KIs in the
range of 28–86 µM). Since β-CAs are not present in vertebrates, the present study may be useful for
detecting lead compounds for the design of effective enzyme inhibitors, with potential to develop
anti-infectives with alternative mechanisms of action.
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1. Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are enzymes that effectively catalyze the reaction
between CO2 and water, yielding bicarbonate (HCO3

−) and protons (H+). They are among the fastest
catalysts known in nature [1–3]. CAs are multifunctional enzymes, which play a central role in different
physiological, biochemical, and metabolic processes, such as acid-base homeostasis; respiratory gas
exchange; electrolyte secretion; and biosynthesis of urea, glucose, fatty acids, and carbamoyl phosphate.
They are also vital in ionic transport, muscular contraction (in vertebrates), and photosynthesis
(in plants and algae). Seven distinct genetic families (i.e., the α, β, γ, δ, ζ, η, and θ class CAs) are known
to date, with a wide distribution in organisms throughout the tree of life [4–10]. The CA classes do not
share any significant sequence and structural identity, being a paradigmatic example of convergent
evolution at the molecular level [1–3].

The first β-CA was discovered in 1939, but it took several decades until it was recognized
as evolutionarily and structurally distinct from the previously studied CAs, those belonging to
the α-class [11]. After the 1990s, many new β-CAs were discovered in the genomes of various
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organisms [11]. Based on current knowledge, these enzymes are found in photosynthetic organisms,
eubacteria, yeasts, and Archaea [11–13]. Later on, it was discovered that they are also present in
the genomes of insects, nematodes, and protozoans, but not in mammals [14]. Therefore, β-CAs are
considered promising target enzymes for antiparasitic drugs [15–17]. The physiological significance of
β-CAs is somehow ambiguous in most organisms studied so far, because frequently there are more
than one enzyme class present [1–3,14–18]. However, β-CAs were shown to have important roles (for
instance, in providing bicarbonate/CO2 for the photosynthetic enzyme Rubisco in the chloroplasts of
many plants/algae [11,17,18]). Helicobacter pylori contains only one α- and one β-CA, whose inhibition
with sulfonamides impairs the growth of the pathogen in vitro and in vivo [13,15]. The physiological
relevance of β-CAs in many organisms, including protozoans belonging to the Amoebozoas, is yet
to be discovered. However, in Leishmania spp., a β-class CA enzyme (LdcCA) was recently shown
to be a potential drug target [19–21]. Indeed, the inhibition of protozoan β-CAs with sulfonamides,
formulated as nanoemulsions, had a profound effect on the survival and growth of L. amazonensis and
L. infantum, two species which provoke serious disease in the tropical and subtropical countries [21].

Entamoeba histolytica is a pathogenic protozoan human parasite causing amebiasis, which can
be expressed as colitis or abscess of intestines or liver [22,23]. The common symptoms are diarrhea,
colitis, and dysentery, but the majority of infections are asymptomatic [22,23]. E. histolytica is ingested
with contaminated food or water as mature cysts, which excystate in the small intestine. The released
trophozoites will then invade the large intestine [22]. E. histolytica is capable of lysing human tissues,
killing immune effector cells by contact-dependent cytolysis [22,24]. The parasite has many virulence
mechanisms, as it can adhere to host cells with multi-subunit GalGalNAc lectins, degrade the host
extracellular matrix with cysteine proteases, and lyses target cells with amoebapores [25]. The invasive
forms of the infection generally include cyst formation in the liver, which can lead to complications
such as pleural effusion, due to the rupture of the cyst [22,26]. Rarely, they also disseminate through
other extraintestinal organs (e.g., the brain or pericardium) [22,23]. Although there are effective
medications for treating E. histolytica, therapies for the invasive forms produce many adverse side
effects [22,23], and there are additional limitations to such therapies, among which is an increasing
prevalence of resistance to commonly used drugs, which emphasizes the need for new drug targets
against this protozoan [23,25]. Thus, we decided to clone and investigate in detail the β-CA present
in this pathogenic protozoan. Here we report the cloning, purification, investigation of the catalytic
activity, and the anion inhibition profile of the recombinant enzyme belonging to the β-class, identified
in the genome of the pathogenic protozoan E. histolytica, denominated EhiCA.

2. Results and Discussion

We produced the β-CA of E. histolytica, EhiCA, in the E. coli production system (see Experimental
for details) as reported earlier for other CAs, such as hCA VII [19]. As a result, we obtained a 21 kDa
protein, which was confirmed to be the right β-CA with mass spectrometry (MS) and SDS-PAGE
(Figure 1). Furthermore, atomic absorption spectroscopy allowed us to determine the presence of one
zinc ion per polypeptide chain (data not shown), which confirmed the MS data.

We measured the catalytic activity of the recombinant EhiCA (for the CO2 hydration reaction) [27],
comparing its kinetic parameters with those of other such enzymes, belonging to the α-class, such
as hCA I and II, (h stands for human isoform). Table 1 shows that EhiCA has a significant catalytic
activity (for the physiologic reaction, CO2 hydration to bicarbonate and protons), with a kcat of
6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 × s−1, being thus 1.8 times more effective as a
catalyst, compared to the slow human isoform hCA I (considering the kcat/Km values). Furthermore,
like most enzymes belonging to the CA superfamily, EhiCA was inhibited by acetazolamide
(AZA, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide): A standard, clinically used sulfonamide CA
inhibitor [1–3]. It can be observed that, similar to hCA I, EhiCA was inhibited in the high nanomolar
range by this compound, with an inhibition constant KIs of 509 nM (Table 1).
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In order to rationalize the effective catalytic activity of EhiCA, we aligned the amino acid sequence
of this protein with that of other β-CAs, such as those from the pathogenic bacteria Haemophilus
influenzae, Vibrio cholerae, Escherichia coli, Salmonella typhimurium, two isoforms from Mycobacterium
tuberculosis [11,27–29], and the cyanobacterium Synechocystis sp. PCC 6803 [30] (Figure 2).

Table 1. Kinetic parameters for the CO2 hydration reaction catalyzed by the human cytosolic
isozymes hCA I and II (α-class CAs) at 20 ◦C and pH 7.5 in 10 mM HEPES buffer and 20 mM
Na2SO4, and the β-CA EhiCA form E. histolytica measured at 20 ◦C, pH 8.3 in 20 mM TRIS
buffer and 20 mM NaClO4. Inhibition data with the clinically used sulfonamide acetazolamide
(5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided [31].

Enzyme Activity Level Class kcat (s−1) Km (mM) kcat/Km
(M−1 × s−1)

KI
(Acetazolamide) (nM)

hCA I moderate α 2.0 × 105 4.0 5.0 × 107 250
hCA II very high α 1.4 × 106 9.3 1.5 × 108 2
EhiCA high β (6.7 ± 0.2) × 105 7.5 ± 0.08 (8.9 ± 0.1) × 107 509
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organisms [11]. Based on current knowledge, these enzymes are found in photosynthetic organisms,
eubacteria, yeasts, and Archaea [11–13]. Later on, it was discovered that they are also present in
the genomes of insects, nematodes, and protozoans, but not in mammals [14]. Therefore, β-CAs are
considered promising target enzymes for antiparasitic drugs [15–17]. The physiological significance of
β-CAs is somehow ambiguous in most organisms studied so far, because frequently there are more
than one enzyme class present [1–3,14–18]. However, β-CAs were shown to have important roles (for
instance, in providing bicarbonate/CO2 for the photosynthetic enzyme Rubisco in the chloroplasts of
many plants/algae [11,17,18]). Helicobacter pylori contains only one α- and one β-CA, whose inhibition
with sulfonamides impairs the growth of the pathogen in vitro and in vivo [13,15]. The physiological
relevance of β-CAs in many organisms, including protozoans belonging to the Amoebozoas, is yet
to be discovered. However, in Leishmania spp., a β-class CA enzyme (LdcCA) was recently shown
to be a potential drug target [19–21]. Indeed, the inhibition of protozoan β-CAs with sulfonamides,
formulated as nanoemulsions, had a profound effect on the survival and growth of L. amazonensis and
L. infantum, two species which provoke serious disease in the tropical and subtropical countries [21].

Entamoeba histolytica is a pathogenic protozoan human parasite causing amebiasis, which can
be expressed as colitis or abscess of intestines or liver [22,23]. The common symptoms are diarrhea,
colitis, and dysentery, but the majority of infections are asymptomatic [22,23]. E. histolytica is ingested
with contaminated food or water as mature cysts, which excystate in the small intestine. The released
trophozoites will then invade the large intestine [22]. E. histolytica is capable of lysing human tissues,
killing immune effector cells by contact-dependent cytolysis [22,24]. The parasite has many virulence
mechanisms, as it can adhere to host cells with multi-subunit GalGalNAc lectins, degrade the host
extracellular matrix with cysteine proteases, and lyses target cells with amoebapores [25]. The invasive
forms of the infection generally include cyst formation in the liver, which can lead to complications
such as pleural effusion, due to the rupture of the cyst [22,26]. Rarely, they also disseminate through
other extraintestinal organs (e.g., the brain or pericardium) [22,23]. Although there are effective
medications for treating E. histolytica, therapies for the invasive forms produce many adverse side
effects [22,23], and there are additional limitations to such therapies, among which is an increasing
prevalence of resistance to commonly used drugs, which emphasizes the need for new drug targets
against this protozoan [23,25]. Thus, we decided to clone and investigate in detail the β-CA present
in this pathogenic protozoan. Here we report the cloning, purification, investigation of the catalytic
activity, and the anion inhibition profile of the recombinant enzyme belonging to the β-class, identified
in the genome of the pathogenic protozoan E. histolytica, denominated EhiCA.

2. Results and Discussion

We produced the β-CA of E. histolytica, EhiCA, in the E. coli production system (see Experimental
for details) as reported earlier for other CAs, such as hCA VII [19]. As a result, we obtained a 21 kDa
protein, which was confirmed to be the right β-CA with mass spectrometry (MS) and SDS-PAGE
(Figure 1). Furthermore, atomic absorption spectroscopy allowed us to determine the presence of one
zinc ion per polypeptide chain (data not shown), which confirmed the MS data.

We measured the catalytic activity of the recombinant EhiCA (for the CO2 hydration reaction) [27],
comparing its kinetic parameters with those of other such enzymes, belonging to the α-class, such
as hCA I and II, (h stands for human isoform). Table 1 shows that EhiCA has a significant catalytic
activity (for the physiologic reaction, CO2 hydration to bicarbonate and protons), with a kcat of
6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 × s−1, being thus 1.8 times more effective as a
catalyst, compared to the slow human isoform hCA I (considering the kcat/Km values). Furthermore,
like most enzymes belonging to the CA superfamily, EhiCA was inhibited by acetazolamide
(AZA, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide): A standard, clinically used sulfonamide CA
inhibitor [1–3]. It can be observed that, similar to hCA I, EhiCA was inhibited in the high nanomolar
range by this compound, with an inhibition constant KIs of 509 nM (Table 1).
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The dimer and the trimer of EhiCA are also seen (arrows), as reported for other β-CAs cloned and
purified earlier [11–15].

In order to rationalize the effective catalytic activity of EhiCA, we aligned the amino acid sequence
of this protein with that of other β-CAs, such as those from the pathogenic bacteria Haemophilus
influenzae, Vibrio cholerae, Escherichia coli, Salmonella typhimurium, two isoforms from Mycobacterium
tuberculosis [11,27–29], and the cyanobacterium Synechocystis sp. PCC 6803 [30] (Figure 2).

Table 1. Kinetic parameters for the CO2 hydration reaction catalyzed by the human cytosolic
isozymes hCA I and II (α-class CAs) at 20 ◦C and pH 7.5 in 10 mM HEPES buffer and 20 mM
Na2SO4, and the β-CA EhiCA form E. histolytica measured at 20 ◦C, pH 8.3 in 20 mM TRIS
buffer and 20 mM NaClO4. Inhibition data with the clinically used sulfonamide acetazolamide
(5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided [31].

Enzyme Activity Level Class kcat (s−1) Km (mM) kcat/Km
(M−1 × s−1)

KI
(Acetazolamide) (nM)

hCA I moderate α 2.0 × 105 4.0 5.0 × 107 250
hCA II very high α 1.4 × 106 9.3 1.5 × 108 2
EhiCA high β (6.7 ± 0.2) × 105 7.5 ± 0.08 (8.9 ± 0.1) × 107 509
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Figure 2. Multi-alignment of the amino acid sequences of the β-CAs from M. tuberculosis
(isoform MTCA1_MYCTU), Synechocystis sp. (SYNY3), V. cholerae (VIBCL), H. influenzae (HAEIN),
E. coli (ECOLI), S. typhimurium (SALTY), E. histolytica (ENTHI), and M. tuberculosis (isoform
MTCA2_ MYCTU) [11,27–30]. Conserved amino acids depicted by an asterisk (*), semiconserved
ones by (.) or (:).

As seen in Figure 2, EhiCA (as all β-CAs investigated to date) has the conserved three zinc(II)
ligands, Cys50, His103, and Cys106 (the fourth ligand is presumably a water molecule/hydroxide
ion), as well as the catalytic dyad constituted by the pair Asp52–Arg54 (also conserved in all enzymes
belonging to this class) [11–15,27–30], which contributes to the enhancement of the nucleophilicity
of the water coordinated to the metal ion. The presence of these conserved amino acids, and all the
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structural elements connected to them, may explain the catalytic activity of EhiCA reported in this
paper (Table 1).

We also investigated the inhibition of EhiCA with a set of inorganic simple and complex
anions, as well as small organic molecules known [11–15,27–30] to interact with CAs, such as
diethyl-dithiocarbamate, sulfamide, sulfamic acid, phenyboronic and phenylphosphonic acid, among
others (Table 2).

Table 2. Inhibition constants of anionic inhibitors against the α-CA isoforms hCA II and hCA I, as well
as the β-class protozoan enzyme EhiCA, for the CO2 hydration reaction at 20 ◦C [31].

Inhibitor § KI [mM] #

hCA II hCA I EhiCA
F− >300 >300 >100
Cl− 200 6.0 >100
Br− 63 4.1 36.8
I− 26 0.3 7.4

CNO− 0.03 0.0007 0.77
SCN− 1.6 0.2 7.9
CN− 0.02 0.0005 >100
N3

− 1.51 0.0012 >100
HCO3

− 85 12 0.28
CO3

2− 73 15 2.4
NO3

− 35 7.0 3.6
NO2

− 63 8.4 1.7
HS− 0.04 0.0006 6.9

HSO3
− 89 18 11.5

SO4
2− >200 63 21.6

SnO3
2− 0.83 0.57 0.51

SeO4
2− 112 118 6.0

TeO4
2− 0.92 0.66 0.61

P2O7
4− 48.50 25.8 >100

V2O7
4− 0.57 0.54 >100

B4O7
2− 0.95 0.64 0.29

ReO4
− 0.75 0.11 7.1

RuO4
− 0.69 0.10 7.0

S2O8
2− 0.084 0.11 8.4

SeCN− 0.086 0.085 0.87
CS32− 0.0088 0.0087 6.0

Et2NCS2− 3.1 0.00079 0.51
ClO4

− >200 >200 >100
BF4− >200 >200 >100
FSO3

− 0.46 0.79 0.086
PF6− >200 >200 >100

CF3SO3
− >200 >200 >100

NH(SO3)22− 0.76 0.31 2.2
H2NSO2NH2 1.13 0.31 0.028
H2NSO3H 0.39 0.021 >100
Ph-B(OH)2 23.1 38.6 0.047
Ph-AsO3H2 49.2 31.7 0.038

§ As sodium salt; # Errors were in the range of 3–5% of the reported values, from three different assays.

The following observations can be made from the inhibition data shown in Table 2:
(i) The anions which did not show inhibitory activity against EhiCA were fluoride, chloride,

and, surprisingly, cyanide and azide, which are highly effective inhibitors of α-CAs such as hCA
I and II [32]; pyrodiphosphate and divanadate; perchlorate, tetrafluroborate, hexafluorophosphate,
and triflate (which usually do not significantly inhibit any CA [32]); and, again surprisingly, sulfamic
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Figure 2. Multi-alignment of the amino acid sequences of the β-CAs from M. tuberculosis
(isoform MTCA1_MYCTU), Synechocystis sp. (SYNY3), V. cholerae (VIBCL), H. influenzae (HAEIN),
E. coli (ECOLI), S. typhimurium (SALTY), E. histolytica (ENTHI), and M. tuberculosis (isoform
MTCA2_ MYCTU) [11,27–30]. Conserved amino acids depicted by an asterisk (*), semiconserved
ones by (.) or (:).

As seen in Figure 2, EhiCA (as all β-CAs investigated to date) has the conserved three zinc(II)
ligands, Cys50, His103, and Cys106 (the fourth ligand is presumably a water molecule/hydroxide
ion), as well as the catalytic dyad constituted by the pair Asp52–Arg54 (also conserved in all enzymes
belonging to this class) [11–15,27–30], which contributes to the enhancement of the nucleophilicity
of the water coordinated to the metal ion. The presence of these conserved amino acids, and all the
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structural elements connected to them, may explain the catalytic activity of EhiCA reported in this
paper (Table 1).

We also investigated the inhibition of EhiCA with a set of inorganic simple and complex
anions, as well as small organic molecules known [11–15,27–30] to interact with CAs, such as
diethyl-dithiocarbamate, sulfamide, sulfamic acid, phenyboronic and phenylphosphonic acid, among
others (Table 2).

Table 2. Inhibition constants of anionic inhibitors against the α-CA isoforms hCA II and hCA I, as well
as the β-class protozoan enzyme EhiCA, for the CO2 hydration reaction at 20 ◦C [31].

Inhibitor § KI [mM] #

hCA II hCA I EhiCA
F− >300 >300 >100
Cl− 200 6.0 >100
Br− 63 4.1 36.8
I− 26 0.3 7.4

CNO− 0.03 0.0007 0.77
SCN− 1.6 0.2 7.9
CN− 0.02 0.0005 >100
N3

− 1.51 0.0012 >100
HCO3

− 85 12 0.28
CO3

2− 73 15 2.4
NO3

− 35 7.0 3.6
NO2

− 63 8.4 1.7
HS− 0.04 0.0006 6.9

HSO3
− 89 18 11.5

SO4
2− >200 63 21.6

SnO3
2− 0.83 0.57 0.51

SeO4
2− 112 118 6.0

TeO4
2− 0.92 0.66 0.61

P2O7
4− 48.50 25.8 >100

V2O7
4− 0.57 0.54 >100

B4O7
2− 0.95 0.64 0.29

ReO4
− 0.75 0.11 7.1

RuO4
− 0.69 0.10 7.0

S2O8
2− 0.084 0.11 8.4

SeCN− 0.086 0.085 0.87
CS32− 0.0088 0.0087 6.0

Et2NCS2− 3.1 0.00079 0.51
ClO4

− >200 >200 >100
BF4− >200 >200 >100
FSO3

− 0.46 0.79 0.086
PF6− >200 >200 >100

CF3SO3
− >200 >200 >100

NH(SO3)22− 0.76 0.31 2.2
H2NSO2NH2 1.13 0.31 0.028
H2NSO3H 0.39 0.021 >100
Ph-B(OH)2 23.1 38.6 0.047
Ph-AsO3H2 49.2 31.7 0.038

§ As sodium salt; # Errors were in the range of 3–5% of the reported values, from three different assays.

The following observations can be made from the inhibition data shown in Table 2:
(i) The anions which did not show inhibitory activity against EhiCA were fluoride, chloride,

and, surprisingly, cyanide and azide, which are highly effective inhibitors of α-CAs such as hCA
I and II [32]; pyrodiphosphate and divanadate; perchlorate, tetrafluroborate, hexafluorophosphate,
and triflate (which usually do not significantly inhibit any CA [32]); and, again surprisingly, sulfamic
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acid. All these compounds did not show significant inhibition up to a 100 mM concentration in the
assay system.

(ii) The most effective EhiCA inhibitors were sulfamide (which is structurally highly similar to
sulfamic acid, except that the pKa of the two compounds is highly different) [33,34] and fluorosulfonate,
as well as phenylboronic acid and phenylarsonic acid, which showed KIs in the range of 28–86 µM
(Table 2). As seen in Table 2, many of these small molecules/anions also act as inhibitors of hCA I and
II, but with a rather different efficacy [33].

(iii) Several anions, such as cyanate, selenocyanate, bicarbonate, stannate, tellurate, tetraborate,
and N,N-diethyl-dithiocarbamate were also sub-millimolar EhiCA inhibitors, with KIs in the range of
0.28–0.87 mM. Some of these compounds are typical metal complexing agents (cyanate, selenocyanate,
N,N-diethyt-dithiocarbamate), and their propensity to bind the zinc ion in this β-CA explains
these inhibitory activities. However, others, (among which are bicarbonate, stannate, tellurate,
and tetraborate) show less affinity to act as metal complexing anions [32]. The inhibitory action
of bicarbonate, one of the reaction products/substrates of the CA, is particularly interesting, possibly
indicating that the enzyme is not acting as a highly efficient bicarbonate dehydratase, but instead
that the CO2 hydratase activity might be crucial during the life cycle of this protozoan. However,
this speculation needs careful validation.

(iv) Many anions acted as low millimolar EhiCA inhibitors. They include iodide, thiocyanate,
carbonate, nitrate, nitrite, hydrogensulfide, selenite, perrhenate, perruthenate, peroxydisulfate,
trithiocarbonate, and imidosulfonate (KIs in the range of 1.7–8.4 mM).

(v) Anions with a less effective inhibitory action against EhiCAwere bromide, bisulfite, and sulfate,
with KIs in the range of 11.5–365.8 mM (Table 1).

3. Materials and Methods

3.1. Vector Construction

We produced the EhiCA as a recombinant protein in E. coli. The DNA sequence was retrieved
from UniProt, and modified for recombinant protein production. We provided the sequence of the
insert, and the actual construction of the plasmid vector was performed by GeneArt (Invitrogen,
Regensburg, Germany). The structure of the insert was specifically modified for production in E. coli.
The insert was ligated into a modified plasmid vector, pBVboost.

3.2. Production of the Protein

The freeze-dried plasmid was prepared, according to manufacturer’s manual. Deep-frozen BL21
Star™ (DE3) cells (Invitrogen, Carlsbad, CA, USA) were slowly melted on ice. Once melted, 25 µL
of the cell suspension and 1 µL of the plasmid solution were combined. The suspension was kept
on ice for 30 min. Heat shock was performed by submerging the suspension-containing tube into
42 ◦C water for 30 s, and was then incubated on ice for 2 min. To the tube 125 µL of S.O.C Medium
(Invitrogen, Carlsbad, CA, USA) was added, and the tube was incubated for 1 h with constant shaking
(200 rpm) at 37 ◦C. Growth plates (gentamycin-LB medium, ratio 1:1000) were prewarmed at 37 ◦C
for 40 min. Then, 20 µL and 50 µL of suspension was spread on two plates which were incubated
overnight at 37 ◦C. A volume of 5 mL preculture was prepared by inoculating single colonies from
growth plates onto an LB medium with gentamycin (ratio 1:1000). It was then incubated overnight at
37 ◦C with constant shaking (200 rpm). The production was executed according to pO-stat fed batch
protocol, which is essentially as described in Määttä et al. [35]. There were some alterations to the
previously described protocol: The fermentation medium did not contain glycerol, as the cell line used
did not require it. The induction of the culture was performed with 1 mM IPTG, 12 h after starting the
fermentation. Temperature was decreased to 25 ◦C at the time of the induction. Culturing was stopped
after 12 h of the induction with the OD 34 (A600). The cells were collected by centrifugation, and the
wet weight of the cell pellet was 303 g. The fermentation was performed by the Tampere facility
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of Protein Services (PS). The cell pellet (approximately 35 g) was suspended in 150 mL of binding
buffer containing 50 mM Na2HPO4, 0.5 M NaCl, 50 mM imidazole, and 10% glycerol (pH 8.0), and the
suspension was homogenized with an EmulsiFlex-C3 (AVESTIN, Ottawa, Canada) homogenizer.
The lysate was centrifuged at 13,000× g for 15 min at 4 ◦C, and the clear supernatant was mixed with
HisPur™ Ni-NTA Resin (Thermo Fisher Scientific, Waltham, MA, USA) and bound to the resin for
2 h at room temperature on the magnetic stirrer. Then resin was washed with the binding buffer and
collected onto an empty column with an EMD Millipore™ vacuum filtering flask (Merck, Kenilworth,
NJ, USA) and filter paper. The protein was eluted from the resin with 50 mM Na2HPO4, 0.5 M NaCl,
350 mM imidazole, and 10% glycerol (pH 7.0). The protein was re-purified with TALON® Superflow™
cobalt resin (GE Healthcare, Chicago, IL, USA). The eluted protein fractions were diluted with binding
buffer (50 mM Na2HPO4, 0.5 M NaCl, and 10% glycerol pH 8.0), so that the imidazole concentration
was under 10 mM. The protein binding and elution was performed as described above. The purity
of the protein was determined with gel electrophoresis (SDS-PAGE), and visualized with PageBlue
Protein staining solution (Thermo Fisher Scientific, Waltham, MA, USA). Protein fractions were pooled
and concentrated with 10 kDa Vivaspin® Turbo 15 centrifugal concentrators (Sartorius™, Göttingen,
Germany) at 4000× g at 4 ◦C. Buffer exchange in 50 mM TRIS (pH 7.5) was done using the same
centrifugal concentrators. His-tag was cleaved from the purified protein by Thrombin CleanCleave Kit
(Sigma-Aldrich, Saint Louis, MO, USA), according to manufacturer’s manual.

3.3. CA Activity and Inhibition Measurements

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used to
assay the catalytic activity of various CA isozymes for the CO2 hydration reaction [31]. Phenol red (at
a concentration of 0.2 mM) was used as indicator (working at the absorbance maximum of 557 nm).
Following the CA-catalyzed CO2 hydration reaction, 10 mM Hepes (pH 7.5, for α-CAs) or TRIS (pH
8.3, for β-CAs) as buffers, and 0.1 M NaClO4 (for maintaining constant ionic strength), were used for a
period of 10 s at 25 ◦C. The CO2 concentrations ranged from 1.7 to 17 mM, for the determination of the
kinetic parameters and inhibition constants. For each inhibitor, at least six traces of the initial 5–10% of
the reaction were used for determining the initial velocity. The uncatalyzed rates were determined in
the same manner, and subtracted from the total observed rates. Stock solutions of inhibitors (10 mM)
were prepared in distilled and deionized water, and dilutions of up to 1 µM were done thereafter with
the assay buffer. Enzyme and inhibitor solutions were pre-incubated together for 15 min (standard
assay at room temperature) prior to assay, in order to allow for the formation of the enzyme–inhibitor
complex. The inhibition constants were obtained by non-linear least-squares methods, using PRISM 3
and the Cheng–Prusoff equation [36–38].

4. Conclusions

In the search for alternative drug targets against anti-protozoan agents, we report the cloning
and catalytic activity of a β-CA from Entamoeba histolytica, EhiCA, the etiological agent of diarrhea
and amebic liver abscesses. This new enzyme has a high catalytic activity for the physiologic CO2

hydration reaction, with a kcat of 6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 × s−1. An anion
inhibition study of EhiCA with inorganic/organic anions and small molecules was performed,
in order to detect interesting leads for effective inhibitors. Fluoride, chloride, cyanide, azide,
pyrodiphosphate, perchlorate, tetrafluoroborate, and sulfamic acid did not inhibit the enzyme activity,
whereas pseudohalides (cyanate and thiocyanate), bicarbonate, nitrate, nitrite, diethyldithiocarbamate,
and many complex inorganic anions showed inhibition in the millimolar range (KIs of 0.51–8.4 mM).
The best EhiCA inhibitors were fluorosulfonate, sulfamide, phenylboronic acid, and phenylarsonic
acid (KIs in the range of 28–86 µM). Since β-CAs are not present in vertebrates, the present study may
be useful for detecting lead compounds for the design of effective enzyme inhibitors, with potential to
develop anti-infectives with alternative mechanisms of action.
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acid. All these compounds did not show significant inhibition up to a 100 mM concentration in the
assay system.

(ii) The most effective EhiCA inhibitors were sulfamide (which is structurally highly similar to
sulfamic acid, except that the pKa of the two compounds is highly different) [33,34] and fluorosulfonate,
as well as phenylboronic acid and phenylarsonic acid, which showed KIs in the range of 28–86 µM
(Table 2). As seen in Table 2, many of these small molecules/anions also act as inhibitors of hCA I and
II, but with a rather different efficacy [33].

(iii) Several anions, such as cyanate, selenocyanate, bicarbonate, stannate, tellurate, tetraborate,
and N,N-diethyl-dithiocarbamate were also sub-millimolar EhiCA inhibitors, with KIs in the range of
0.28–0.87 mM. Some of these compounds are typical metal complexing agents (cyanate, selenocyanate,
N,N-diethyt-dithiocarbamate), and their propensity to bind the zinc ion in this β-CA explains
these inhibitory activities. However, others, (among which are bicarbonate, stannate, tellurate,
and tetraborate) show less affinity to act as metal complexing anions [32]. The inhibitory action
of bicarbonate, one of the reaction products/substrates of the CA, is particularly interesting, possibly
indicating that the enzyme is not acting as a highly efficient bicarbonate dehydratase, but instead
that the CO2 hydratase activity might be crucial during the life cycle of this protozoan. However,
this speculation needs careful validation.

(iv) Many anions acted as low millimolar EhiCA inhibitors. They include iodide, thiocyanate,
carbonate, nitrate, nitrite, hydrogensulfide, selenite, perrhenate, perruthenate, peroxydisulfate,
trithiocarbonate, and imidosulfonate (KIs in the range of 1.7–8.4 mM).

(v) Anions with a less effective inhibitory action against EhiCAwere bromide, bisulfite, and sulfate,
with KIs in the range of 11.5–365.8 mM (Table 1).

3. Materials and Methods

3.1. Vector Construction

We produced the EhiCA as a recombinant protein in E. coli. The DNA sequence was retrieved
from UniProt, and modified for recombinant protein production. We provided the sequence of the
insert, and the actual construction of the plasmid vector was performed by GeneArt (Invitrogen,
Regensburg, Germany). The structure of the insert was specifically modified for production in E. coli.
The insert was ligated into a modified plasmid vector, pBVboost.

3.2. Production of the Protein

The freeze-dried plasmid was prepared, according to manufacturer’s manual. Deep-frozen BL21
Star™ (DE3) cells (Invitrogen, Carlsbad, CA, USA) were slowly melted on ice. Once melted, 25 µL
of the cell suspension and 1 µL of the plasmid solution were combined. The suspension was kept
on ice for 30 min. Heat shock was performed by submerging the suspension-containing tube into
42 ◦C water for 30 s, and was then incubated on ice for 2 min. To the tube 125 µL of S.O.C Medium
(Invitrogen, Carlsbad, CA, USA) was added, and the tube was incubated for 1 h with constant shaking
(200 rpm) at 37 ◦C. Growth plates (gentamycin-LB medium, ratio 1:1000) were prewarmed at 37 ◦C
for 40 min. Then, 20 µL and 50 µL of suspension was spread on two plates which were incubated
overnight at 37 ◦C. A volume of 5 mL preculture was prepared by inoculating single colonies from
growth plates onto an LB medium with gentamycin (ratio 1:1000). It was then incubated overnight at
37 ◦C with constant shaking (200 rpm). The production was executed according to pO-stat fed batch
protocol, which is essentially as described in Määttä et al. [35]. There were some alterations to the
previously described protocol: The fermentation medium did not contain glycerol, as the cell line used
did not require it. The induction of the culture was performed with 1 mM IPTG, 12 h after starting the
fermentation. Temperature was decreased to 25 ◦C at the time of the induction. Culturing was stopped
after 12 h of the induction with the OD 34 (A600). The cells were collected by centrifugation, and the
wet weight of the cell pellet was 303 g. The fermentation was performed by the Tampere facility
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of Protein Services (PS). The cell pellet (approximately 35 g) was suspended in 150 mL of binding
buffer containing 50 mM Na2HPO4, 0.5 M NaCl, 50 mM imidazole, and 10% glycerol (pH 8.0), and the
suspension was homogenized with an EmulsiFlex-C3 (AVESTIN, Ottawa, Canada) homogenizer.
The lysate was centrifuged at 13,000× g for 15 min at 4 ◦C, and the clear supernatant was mixed with
HisPur™ Ni-NTA Resin (Thermo Fisher Scientific, Waltham, MA, USA) and bound to the resin for
2 h at room temperature on the magnetic stirrer. Then resin was washed with the binding buffer and
collected onto an empty column with an EMD Millipore™ vacuum filtering flask (Merck, Kenilworth,
NJ, USA) and filter paper. The protein was eluted from the resin with 50 mM Na2HPO4, 0.5 M NaCl,
350 mM imidazole, and 10% glycerol (pH 7.0). The protein was re-purified with TALON® Superflow™
cobalt resin (GE Healthcare, Chicago, IL, USA). The eluted protein fractions were diluted with binding
buffer (50 mM Na2HPO4, 0.5 M NaCl, and 10% glycerol pH 8.0), so that the imidazole concentration
was under 10 mM. The protein binding and elution was performed as described above. The purity
of the protein was determined with gel electrophoresis (SDS-PAGE), and visualized with PageBlue
Protein staining solution (Thermo Fisher Scientific, Waltham, MA, USA). Protein fractions were pooled
and concentrated with 10 kDa Vivaspin® Turbo 15 centrifugal concentrators (Sartorius™, Göttingen,
Germany) at 4000× g at 4 ◦C. Buffer exchange in 50 mM TRIS (pH 7.5) was done using the same
centrifugal concentrators. His-tag was cleaved from the purified protein by Thrombin CleanCleave Kit
(Sigma-Aldrich, Saint Louis, MO, USA), according to manufacturer’s manual.

3.3. CA Activity and Inhibition Measurements

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used to
assay the catalytic activity of various CA isozymes for the CO2 hydration reaction [31]. Phenol red (at
a concentration of 0.2 mM) was used as indicator (working at the absorbance maximum of 557 nm).
Following the CA-catalyzed CO2 hydration reaction, 10 mM Hepes (pH 7.5, for α-CAs) or TRIS (pH
8.3, for β-CAs) as buffers, and 0.1 M NaClO4 (for maintaining constant ionic strength), were used for a
period of 10 s at 25 ◦C. The CO2 concentrations ranged from 1.7 to 17 mM, for the determination of the
kinetic parameters and inhibition constants. For each inhibitor, at least six traces of the initial 5–10% of
the reaction were used for determining the initial velocity. The uncatalyzed rates were determined in
the same manner, and subtracted from the total observed rates. Stock solutions of inhibitors (10 mM)
were prepared in distilled and deionized water, and dilutions of up to 1 µM were done thereafter with
the assay buffer. Enzyme and inhibitor solutions were pre-incubated together for 15 min (standard
assay at room temperature) prior to assay, in order to allow for the formation of the enzyme–inhibitor
complex. The inhibition constants were obtained by non-linear least-squares methods, using PRISM 3
and the Cheng–Prusoff equation [36–38].

4. Conclusions

In the search for alternative drug targets against anti-protozoan agents, we report the cloning
and catalytic activity of a β-CA from Entamoeba histolytica, EhiCA, the etiological agent of diarrhea
and amebic liver abscesses. This new enzyme has a high catalytic activity for the physiologic CO2

hydration reaction, with a kcat of 6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 × s−1. An anion
inhibition study of EhiCA with inorganic/organic anions and small molecules was performed,
in order to detect interesting leads for effective inhibitors. Fluoride, chloride, cyanide, azide,
pyrodiphosphate, perchlorate, tetrafluoroborate, and sulfamic acid did not inhibit the enzyme activity,
whereas pseudohalides (cyanate and thiocyanate), bicarbonate, nitrate, nitrite, diethyldithiocarbamate,
and many complex inorganic anions showed inhibition in the millimolar range (KIs of 0.51–8.4 mM).
The best EhiCA inhibitors were fluorosulfonate, sulfamide, phenylboronic acid, and phenylarsonic
acid (KIs in the range of 28–86 µM). Since β-CAs are not present in vertebrates, the present study may
be useful for detecting lead compounds for the design of effective enzyme inhibitors, with potential to
develop anti-infectives with alternative mechanisms of action.
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Abstract: A newly described β-carbonic anhydrase (CA, EC 4.2.1.1) from the pathogenic protozoan
Entamoeba histolytica, EhiCA, was recently shown to possess a significant catalytic activity for the
physiologic CO2 hydration reaction (kcat of 6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 s−1).
A panel of sulfonamides and one sulfamate, some of which are clinically used drugs, were
investigated for their inhibitory properties against EhiCA. The best inhibitors detected in
the study were 4-hydroxymethyl/ethyl-benzenesulfonamide (KIs of 36–89 nM), whereas some
sulfanilyl-sulfonamides showed activities in the range of 285–331 nM. Acetazolamide, methazolamide,
ethoxzolamide, and dichlorophenamide were less effective inhibitors (KIs of 509–845 nM) compared
to other sulfonamides investigated here. As β-CAs are not present in vertebrates, the present study
may be useful for detecting lead compounds for the design of more effective inhibitors with potential
to develop anti-infectives with alternative mechanisms of action.

Keywords: carbonic anhydrase; metalloenzymes; protozoan; Entamoeba histolytica; sulfonamides;
sulfamates; inhibitor

1. Introduction

The pathogenic protozoan Entamoeba histolytica is the leading cause of diarrhea globally, producing
a disease called amebiasis. Endemic in poor communities in developing countries, amebiasis emerged
as an important infection among travelers returning from such countries as well as immigrants
residing in the developed world [1–3]. The invasive forms of the E. histolytica infection may include
liver cyst formation, which can produce complications such as pleural effusion due to the rupture of
the cysts [4–6]. Rarely, the cysts may disseminate to other extra-intestinal organs, such as the brain
or pericardium, with fatal consequences. Amebiasis causes around 70,000 deaths annually and is the
third cause of death due to parasites worldwide [7–9]. The pharmacological treatment relies on the
use of metronidazole and related compounds (e.g., tinidazole), which show multiple adverse side
effects, being rather toxic, mutagenic and carcinogenic, and led to the emergence of resistance [4,9].
Unfortunately, better therapeutic alternatives are lacking, and the nitroimidazoles do not effectively
eradicate the luminal cysts of the parasite life cycle. Therefore, it has become necessary to administer
a luminal agent, such as nitazoxanide or the aminoglycoside paromomycin, which are expensive
new drugs, which is difficult to use in developing countries [4,9]. Ultimately, the gold(I) derivative
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the study were 4-hydroxymethyl/ethyl-benzenesulfonamide (KIs of 36–89 nM), whereas some
sulfanilyl-sulfonamides showed activities in the range of 285–331 nM. Acetazolamide, methazolamide,
ethoxzolamide, and dichlorophenamide were less effective inhibitors (KIs of 509–845 nM) compared
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1. Introduction

The pathogenic protozoan Entamoeba histolytica is the leading cause of diarrhea globally, producing
a disease called amebiasis. Endemic in poor communities in developing countries, amebiasis emerged
as an important infection among travelers returning from such countries as well as immigrants
residing in the developed world [1–3]. The invasive forms of the E. histolytica infection may include
liver cyst formation, which can produce complications such as pleural effusion due to the rupture of
the cysts [4–6]. Rarely, the cysts may disseminate to other extra-intestinal organs, such as the brain
or pericardium, with fatal consequences. Amebiasis causes around 70,000 deaths annually and is the
third cause of death due to parasites worldwide [7–9]. The pharmacological treatment relies on the
use of metronidazole and related compounds (e.g., tinidazole), which show multiple adverse side
effects, being rather toxic, mutagenic and carcinogenic, and led to the emergence of resistance [4,9].
Unfortunately, better therapeutic alternatives are lacking, and the nitroimidazoles do not effectively
eradicate the luminal cysts of the parasite life cycle. Therefore, it has become necessary to administer
a luminal agent, such as nitazoxanide or the aminoglycoside paromomycin, which are expensive
new drugs, which is difficult to use in developing countries [4,9]. Ultimately, the gold(I) derivative
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Auranofin, used for the treatment of rheumatoid arthritis, has entered clinical drug development
as an antiparasitic agent targeting amebiasis [4–9]. However, the treatment options are few, their
effectiveness is not very high, and the presently available drugs have many side effects and led to the
development of drug resistance. All these facts make the search for new anti-amoeba targets of great
relevance [4–10].

In recent years, we have investigated the role of the metalloenzymes, carbonic anhydrases
(CAs, EC 4.2.1.1), in various pathogenic organisms belonging to the bacteria, fungal or protozoan
domains [11–13]. These enzymes effectively catalyze the reaction between CO2 and water, with the
formation of bicarbonate (HCO3

−) and protons (H+), being among the very fast catalysts known in
nature [14–20]. CAs are multifunctional enzymes which play central roles in various physiological,
biochemical, and metabolic processes, such as acid-base homeostasis, respiratory gas exchange,
electrolytes secretion, biosynthesis of urea, glucose, fatty acids, and carbamoyl phosphate, and also in
the ionic transport, muscular contraction (in vertebrates), and photosynthesis (in plants and algae).
Seven distinct genetic families. i.e., the α, β, γ, δ, ζ, η, and θ class CAs are known to date, with
a wide distribution in organisms all over the tree of life [21–27]. The CA classes do not share any
significant sequence and structural identity since they are a paradigmatic example of convergent
evolution at the molecular level [11–13]. Recently, we have shown that the inhibition of the α- or
β-CAs from the pathogenic protozoans Trypanosoma cruzi [28] or Leishmania spp. [29] has a potent
anti-protozoan effect, with the possibility to inhibit the growth of the pathogen. Considering that
the genome of E. histolytica has been published [30], we decided to investigate in detail whether the
β-CA present in this pathogenic protozoan may have a similar role to the enzymes investigated earlier
in other pathogenic protozoans [28,29]. Here we report an investigation of the catalytic activity and
the sulfonamide/sulfamate inhibition profile of the recombinant enzyme belonging to the β-class,
identified in the genome of the pathogenic protozoan E. histolytica, denominated EhiCA.

2. Results and Discussion

We produced the β-CA of E. histolytica, EhiCA, in the E. coli expression system (see Experimental
for details) and obtained 21/25 kDa doublet polypeptide and additional polypeptides of about 50 and
75 kDa detected by SDS-PAGE. These four polypeptide bands were subjected to mass spectrometric
identification, which showed that they all represent EhiCA. This result suggests that EhiCA, similar to
other β-CAs [31], can exist as dimers and higher oligomerization forms [32–34].

The catalytic activity of the recombinant EhiCA (for the CO2 hydration reaction), has been
measured by using a stopped-flow technique [35], comparing its kinetic parameters with those of other
such enzymes, belonging to the α- (e.g., hCA I and II, where h stays for human isoform) or β-class
CAs (e.g., mtCA 1 and mtCA 2 from the pathogenic bacterium Mycobacterium tuberculosis [31,32]).
Data in Table 1 show that EhiCA has a significant catalytic activity (for the physiologic CO2 hydration
reaction), with a kcat of 6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 s−1, being, thus, 1.8 times
more effective as a catalyst compared to the slow human isoform hCA I (considering the kcat/Km

values). Furthermore, like most enzymes belonging to the CA superfamily, EhiCA was inhibited
by acetazolamide (AZA, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide), a standard, clinically used
sulfonamide CA inhibitor [1–3]. Thus, EhiCA shows a catalytic activity similar to that of mtCA
2 and hCA I, being a highly effective catalyst for the hydration of CO2, whereas its inhibition by
acetazolamide is similar to the behavior of mtCA 1, which has a low affinity for this inhibitor, with a
KI of 480 nM, comparable to that of EhiCA, of 509 nM (Table 1).

To rationalize the effective catalytic activity of EhiCA, we aligned the amino acid sequence of this
protein with that of other β-CAs, such as those from the pathogenic bacteria Haemophilus influenza [21],
Vibrio cholera [33], Escherichia coli [21], Salmonella typhimurium [36], two isoforms fromMycobacterium
tuberculosis [31,32], and the cyanobacterium Synechocystis sp. PCC 6803 [34] (Figure 1).
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Table 1. Kinetic parameters for the CO2 hydration reaction catalyzed by the human cytosolic isozymes
hCA I and II (α-class CAs) at 20 ◦C and pH 7.5 in 10 mM HEPES buffer and 20 mM Na2SO4, and
the β-CA from M. tuberculosis (mtCA 1 and 2) and form E. histolytica EhiCA, measured at 20 ◦C, pH
8.3 in 20 mM TRIS buffer and 20 mM NaClO4. Inhibition data with the clinically used sulfonamide
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided [35].

Enzyme Activity Level Class
kcat kcat/Km

KI
(Acetazolamide) Ref

(s−1) (M−1 s−1) (nM)

hCA I moderate α 2.0 × 105 5.0 × 107 250 [12]
hCA II very high α 1.4 × 106 1.5 × 108 12 [12]
mtCA 1 moderate β 3.9 × 105 3.7 × 107 480 [32]
mtCA 2 high β 9.6 × 105 9.3 × 107 9.8 [32]
EhiCA high β 6.7 × 105 8.9 × 107 509 this work
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Figure 1. Multi-alignment of the amino acid sequences of the β-CAs from M. tuberculosis (isoform
MTCA1_MYCTU), Synechocystis sp. (SYNY3), V. cholerae (VIBCL), H. influenzae (HAEIN), E. coli (ECOLI),
S. typhimurium (SALTY), E. histolytica (ENTHI), andM. tuberculosis (isoformMTCA2_MYCTO) [21,30–36].
Conserved amino acids depicted by an asterisk (*), semiconserved ones by (.) or (:).

As seen from data in Figure 1, similar to all β-CAs investigated to date, EhiCA has the
conserved three zinc(II) ligands, Cys50, His103, and Cys106 (the fourth ligand is presumably a water
molecule/hydroxide ion) as well as the catalytic dyad constituted by the pair Asp52-Arg54 (conserved
in all enzymes belonging to this class) [21,31–34,36], which contributes to the enhancement of the
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Auranofin, used for the treatment of rheumatoid arthritis, has entered clinical drug development
as an antiparasitic agent targeting amebiasis [4–9]. However, the treatment options are few, their
effectiveness is not very high, and the presently available drugs have many side effects and led to the
development of drug resistance. All these facts make the search for new anti-amoeba targets of great
relevance [4–10].

In recent years, we have investigated the role of the metalloenzymes, carbonic anhydrases
(CAs, EC 4.2.1.1), in various pathogenic organisms belonging to the bacteria, fungal or protozoan
domains [11–13]. These enzymes effectively catalyze the reaction between CO2 and water, with the
formation of bicarbonate (HCO3

−) and protons (H+), being among the very fast catalysts known in
nature [14–20]. CAs are multifunctional enzymes which play central roles in various physiological,
biochemical, and metabolic processes, such as acid-base homeostasis, respiratory gas exchange,
electrolytes secretion, biosynthesis of urea, glucose, fatty acids, and carbamoyl phosphate, and also in
the ionic transport, muscular contraction (in vertebrates), and photosynthesis (in plants and algae).
Seven distinct genetic families. i.e., the α, β, γ, δ, ζ, η, and θ class CAs are known to date, with
a wide distribution in organisms all over the tree of life [21–27]. The CA classes do not share any
significant sequence and structural identity since they are a paradigmatic example of convergent
evolution at the molecular level [11–13]. Recently, we have shown that the inhibition of the α- or
β-CAs from the pathogenic protozoans Trypanosoma cruzi [28] or Leishmania spp. [29] has a potent
anti-protozoan effect, with the possibility to inhibit the growth of the pathogen. Considering that
the genome of E. histolytica has been published [30], we decided to investigate in detail whether the
β-CA present in this pathogenic protozoan may have a similar role to the enzymes investigated earlier
in other pathogenic protozoans [28,29]. Here we report an investigation of the catalytic activity and
the sulfonamide/sulfamate inhibition profile of the recombinant enzyme belonging to the β-class,
identified in the genome of the pathogenic protozoan E. histolytica, denominated EhiCA.

2. Results and Discussion

We produced the β-CA of E. histolytica, EhiCA, in the E. coli expression system (see Experimental
for details) and obtained 21/25 kDa doublet polypeptide and additional polypeptides of about 50 and
75 kDa detected by SDS-PAGE. These four polypeptide bands were subjected to mass spectrometric
identification, which showed that they all represent EhiCA. This result suggests that EhiCA, similar to
other β-CAs [31], can exist as dimers and higher oligomerization forms [32–34].

The catalytic activity of the recombinant EhiCA (for the CO2 hydration reaction), has been
measured by using a stopped-flow technique [35], comparing its kinetic parameters with those of other
such enzymes, belonging to the α- (e.g., hCA I and II, where h stays for human isoform) or β-class
CAs (e.g., mtCA 1 and mtCA 2 from the pathogenic bacterium Mycobacterium tuberculosis [31,32]).
Data in Table 1 show that EhiCA has a significant catalytic activity (for the physiologic CO2 hydration
reaction), with a kcat of 6.7 × 105 s−1 and a kcat/Km of 8.9 × 107 M−1 s−1, being, thus, 1.8 times
more effective as a catalyst compared to the slow human isoform hCA I (considering the kcat/Km

values). Furthermore, like most enzymes belonging to the CA superfamily, EhiCA was inhibited
by acetazolamide (AZA, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide), a standard, clinically used
sulfonamide CA inhibitor [1–3]. Thus, EhiCA shows a catalytic activity similar to that of mtCA
2 and hCA I, being a highly effective catalyst for the hydration of CO2, whereas its inhibition by
acetazolamide is similar to the behavior of mtCA 1, which has a low affinity for this inhibitor, with a
KI of 480 nM, comparable to that of EhiCA, of 509 nM (Table 1).

To rationalize the effective catalytic activity of EhiCA, we aligned the amino acid sequence of this
protein with that of other β-CAs, such as those from the pathogenic bacteria Haemophilus influenza [21],
Vibrio cholera [33], Escherichia coli [21], Salmonella typhimurium [36], two isoforms fromMycobacterium
tuberculosis [31,32], and the cyanobacterium Synechocystis sp. PCC 6803 [34] (Figure 1).
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Table 1. Kinetic parameters for the CO2 hydration reaction catalyzed by the human cytosolic isozymes
hCA I and II (α-class CAs) at 20 ◦C and pH 7.5 in 10 mM HEPES buffer and 20 mM Na2SO4, and
the β-CA from M. tuberculosis (mtCA 1 and 2) and form E. histolytica EhiCA, measured at 20 ◦C, pH
8.3 in 20 mM TRIS buffer and 20 mM NaClO4. Inhibition data with the clinically used sulfonamide
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided [35].

Enzyme Activity Level Class
kcat kcat/Km

KI
(Acetazolamide) Ref

(s−1) (M−1 s−1) (nM)

hCA I moderate α 2.0 × 105 5.0 × 107 250 [12]
hCA II very high α 1.4 × 106 1.5 × 108 12 [12]
mtCA 1 moderate β 3.9 × 105 3.7 × 107 480 [32]
mtCA 2 high β 9.6 × 105 9.3 × 107 9.8 [32]
EhiCA high β 6.7 × 105 8.9 × 107 509 this work
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Figure 1. Multi-alignment of the amino acid sequences of the β-CAs from M. tuberculosis (isoform
MTCA1_MYCTU), Synechocystis sp. (SYNY3), V. cholerae (VIBCL), H. influenzae (HAEIN), E. coli (ECOLI),
S. typhimurium (SALTY), E. histolytica (ENTHI), andM. tuberculosis (isoformMTCA2_MYCTO) [21,30–36].
Conserved amino acids depicted by an asterisk (*), semiconserved ones by (.) or (:).

As seen from data in Figure 1, similar to all β-CAs investigated to date, EhiCA has the
conserved three zinc(II) ligands, Cys50, His103, and Cys106 (the fourth ligand is presumably a water
molecule/hydroxide ion) as well as the catalytic dyad constituted by the pair Asp52-Arg54 (conserved
in all enzymes belonging to this class) [21,31–34,36], which contributes to the enhancement of the
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nucleophilicity of the water coordinated to the metal ion. The presence of these conserved amino acids
and all the structural elements connected to them may explain the good catalytic activity of EhiCA
reported in this paper (Table 1), although the X-ray crystal structure of this enzyme is not yet resolved.

Considering that the sulfonamides are the main class of CA inhibitors (CAIs) [11–13], we
investigated the inhibition of EhiCA with a panel of such derivatives, some of which are clinically
used drugs like diuretics, antiglaucoma, antiepileptics, antiobesity or antitumor agents [37–40]
(Figure 2 and Table 2). The structures of the sulphonamides/sulfamates included in our study are
shown in Figure 2. They include acetazolamide AAZ, methazolamide MZA, ethoxzolamide EZA
and dichlorophenamide DCP (the classical, systemically acting antiglaucoma CA inhibitors) [11,12],
dorzolamide DZA and brinzolamide BRZ, topically-acting antiglaucoma drugs, benzolamide BZA,
topiramate TPM, zonisamide ZNS, and sulthiame SLT [11–13,37–40]. Sulpiride SLP, indisulam IND,
celecoxib CLX, and valdecoxib VLX, as well as saccharin and the diuretic hydrochlorothiazide HCT
were also included in the assay [11–13]. The simpler sulfonamides 1–24 are known to possess CA
inhibitory properties against many mammalian and prokaryotic such enzymes [25] and are also the
building blocks for obtaining more complex CAIs [41–43].
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Figure 2. Sulfonamide (1–24) and sulfonamide/sulfamate derivatives (AAZ–HCT) investigated as
Entamoeba histolytica (EhiCA) inhibitors in the present study.

The following structure-activity relationship (SAR) can be drawn from the data of Table 2:

(i) The most effective EhiCA inhibitors were the two simple compounds 16 and 17,
4-hydroxymethyl/ethyl-benzenesulfonamides, which showed KIs ranging between 36 and 89 nM,
with the longer linker derivative (17) being a more effective CAI compared to the hydroxymethyl
one 16. It should also be noted that 17 is a weaker hCA II inhibitor (KI of 125 nM) and a quite
ineffective hCA I inhibitor (KI of 21 µM), making it a slightly ameba-CA—selective compound.

(ii) Several sulfonamides were slightly less effective as EhiCA inhibitors, with KIs ranging
between 285 and 521 nM. They include 18–24 and acetazolamide AAZ (Table 2). Apart from
18 (4-carboxy-benzenesulfonamide) and 19 (a pyrimidinylamino-benzenesulfonamide), the
remaining derivatives 20–24 belong to the sulfanilyl-sulfonamide class of CAIs, which possess
an elongated molecule, shown to interact favorably with many other CAs belonging to the
β-class [15,20,21] and, thus, leading to effective inhibitors. For the homologous series of 22–24,
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nucleophilicity of the water coordinated to the metal ion. The presence of these conserved amino acids
and all the structural elements connected to them may explain the good catalytic activity of EhiCA
reported in this paper (Table 1), although the X-ray crystal structure of this enzyme is not yet resolved.

Considering that the sulfonamides are the main class of CA inhibitors (CAIs) [11–13], we
investigated the inhibition of EhiCA with a panel of such derivatives, some of which are clinically
used drugs like diuretics, antiglaucoma, antiepileptics, antiobesity or antitumor agents [37–40]
(Figure 2 and Table 2). The structures of the sulphonamides/sulfamates included in our study are
shown in Figure 2. They include acetazolamide AAZ, methazolamide MZA, ethoxzolamide EZA
and dichlorophenamide DCP (the classical, systemically acting antiglaucoma CA inhibitors) [11,12],
dorzolamide DZA and brinzolamide BRZ, topically-acting antiglaucoma drugs, benzolamide BZA,
topiramate TPM, zonisamide ZNS, and sulthiame SLT [11–13,37–40]. Sulpiride SLP, indisulam IND,
celecoxib CLX, and valdecoxib VLX, as well as saccharin and the diuretic hydrochlorothiazide HCT
were also included in the assay [11–13]. The simpler sulfonamides 1–24 are known to possess CA
inhibitory properties against many mammalian and prokaryotic such enzymes [25] and are also the
building blocks for obtaining more complex CAIs [41–43].
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Figure 2. Sulfonamide (1–24) and sulfonamide/sulfamate derivatives (AAZ–HCT) investigated as
Entamoeba histolytica (EhiCA) inhibitors in the present study.

The following structure-activity relationship (SAR) can be drawn from the data of Table 2:

(i) The most effective EhiCA inhibitors were the two simple compounds 16 and 17,
4-hydroxymethyl/ethyl-benzenesulfonamides, which showed KIs ranging between 36 and 89 nM,
with the longer linker derivative (17) being a more effective CAI compared to the hydroxymethyl
one 16. It should also be noted that 17 is a weaker hCA II inhibitor (KI of 125 nM) and a quite
ineffective hCA I inhibitor (KI of 21 µM), making it a slightly ameba-CA—selective compound.

(ii) Several sulfonamides were slightly less effective as EhiCA inhibitors, with KIs ranging
between 285 and 521 nM. They include 18–24 and acetazolamide AAZ (Table 2). Apart from
18 (4-carboxy-benzenesulfonamide) and 19 (a pyrimidinylamino-benzenesulfonamide), the
remaining derivatives 20–24 belong to the sulfanilyl-sulfonamide class of CAIs, which possess
an elongated molecule, shown to interact favorably with many other CAs belonging to the
β-class [15,20,21] and, thus, leading to effective inhibitors. For the homologous series of 22–24,
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the efficacy as EhiCA inhibitors increases with the increase of the linker between the two aromatic
rings. AAZ and 20 contain the 1,3,4-thiadiazole-2-sulfonamide motif present in many potent
CAIs. In this case, aminobenzolamide 20 is a more effective EhiCA inhibitor compared to AAZ.
It is interesting to note that BZA, lacking the amino moiety present in 20, but with an identical
scaffold, is a very weak CAI, with a KI of 2471 nM (whereas it is a very potent hCA I and II
inhibitor). Thus, minor structural changes in the molecule of the inhibitor lead to drastic effects
on their inhibitory profiles against various CAs, including the one form the parasitic protozoan
investigated here.

Table 2. Inhibition of the human isoforms hCA I and hCA II, and Entamoeba histolytica (EhiCA)
from Entamoeba histolytica with sulfonamides 1–24 and the clinically used drugs AAZ–HCT, by a
stopped-flow, CO2 hydrase assay [35].

Inhibitor/Enzyme Class
KI * (nM)

hCA I a hCA II a EhiCA
α α β

1 28,000 300 2363
2 25,000 240 6011
3 79 8 951
4 78,500 320 833
5 25,000 170 567
6 21,000 160 798
7 8300 60 >10,000
8 9800 110 >10,000
9 6500 40 >10,000
10 7300 54 4656
11 5800 63 742
12 8400 75 1911
13 8600 60 821
14 9300 19 579
15 5500 80 772
16 9500 94 89
17 21,000 125 36
18 164 46 383
19 109 33 521
20 6 2 385
21 69 11 368
22 164 46 331
23 109 33 290
24 95 30 285

AAZ 250 12 509
MZA 50 14 845
EZA 25 8 746
DCP 1200 38 790
DZA 50,000 9 6444
BRZ 45,000 3 3051
BZA 15 9 2471
TPM 250 10 3100
ZNS 56 35 9595
SLP 1200 40 >10,000
IND 31 15 822
VLX 54,000 43 >10,000
CLX 50,000 21 >10,000
SLT 374 9 6727
SAC 18,540 5959 >10,000
HCT 328 290 3402

* Errors in the range of 5–10% of the reported data, from 3 different assays (data not shown). a Human recombinant
isozymes, stopped flow CO2 hydrase assay method, from References [11–15].
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(iii) The following compounds showed modest EhiCA inhibitory properties: 3–6, 11, 13–15, MZA,
EZA, DCP, and IND, with KIs ranging between 567 and 951 nM. They belong to heterogeneous
classes of sulfonamides, most of them being benzenesulfonamides (apart 13 and 14 which
are the deacetylated precursors of AAZ and MZA, thus, heterocyclic derivatives). A special
mention regards 15, which is structurally related to the most effective EhiCA inhibitors detected
here, compounds 16 and 17. Indeed, 15 is 9–20 times a weaker EhiCA inhibitor compared to
16 and 17, although they differ only by one or two CH2 functionalities. From these data, it
is again obvious that SAR is very sensitive to small changes in the molecule of the inhibitor
and that the 4-hydroxyalkyl-substituted-benzenesulfonamides may lead to highly effective and
isoform-selective CAIs targeting the enzyme from this parasite.

(iv) Weak, micromolar inhibition against EhiCA was observed with 1, 2, 10, 12, DZA, BRZ, BZA,
TPM, ZNZ, SLT, and HCT (KIs ranging between 1.91–9.59 µM) as discussed earlier. In addition,
these derivatives belong to heterogeneous classes of derivatives, but overall one may observe
that they possess a bulkier scaffold and more substituents on the aromatic/heterocyclic ring
compared to the effective EhiCA inhibitors described above.

(v) The ineffective compounds as EhiCA inhibitors (KI > 10 µM) detected here were 7–9 (halogenated
sulfanilamide derivatives), sulpiride SLP, the COX-2 inhibitorsCLX andVLX (possessing a bulky,
Y-shaped molecule), and saccharin SAC, the only acylated, secondary sulfonamide included in
the study.

(vi) The inhibition profile of EhiCA with sulfonamides/sulfamates is very different from those of the
human isoforms hCA I and II, but only two compounds, 16 and 17 showed selectivity for the
protozoan over the human isoforms (Table 2).

3. Experimental

3.1. Vector Construction

We produced the EhiCA as a recombinant protein in E. coli. The DNA sequence was retrieved
from UniProt and modified for recombinant protein production and purification to include N-terminal
polyhistidine tag. We provided the sequence of the insert, and the actual construction of the plasmid
vector was performed by GeneArt (Invitrogen, Regensburg, Germany). The structure of the insert was
specifically modified for production in E. coli. The insert was ligated into a modified plasmid vector,
pBVboost [44].

3.2. Production of the Protein

The freeze-dried plasmid was prepared according to the manufacturer’s manual. Deep-frozen
BL21 StarTM (DE3) cells (Invitrogen, Carlsbad, CA, USA) were slowly melted on ice. 25 µL of the
melted cell suspension and 1 µL of the plasmid solution were combined. The suspension was kept on
ice for 30 min. Then the heat shock was performed by submerging the suspension containing tube into
+42 ◦C water for 30 s and after that, incubated on ice for 2 min. 125 µL of S.O.C. Medium (Invitrogen,
Carlsbad, CA, USA) was added to the tube, and the tube was incubated for 1 h with constant shaking
(200 rpm) at +37 ◦C. Growth plates (gentamycin-LB medium ratio 1:1000) were prewarmed at +37
◦C for 40 min. Twenty microliters and 50 µL of the suspension were spread on two plates, which
were incubated overnight at +37 ◦C. A volume of 5 mL preculture was prepared by inoculating single
colonies from growth plates to LB medium with gentamycin (ratio 1:1000). It was then incubated
overnight at +37 ◦C with constant shaking of 200 rpm. Then the production was executed according
to pO-stat fed bacth protocol, which is essentially as described in Määttä et al. [45]. There were some
alterations to the previously described protocol: The fermentation medium did not contain glycerol as
the cell line used did not require it. The induction of the culture was performed with 1 mM IPTG 12 h
after starting the fermentation. The temperature was decreased to 25 ◦C at the time of the induction.
Culturing was stopped after 12 h of the induction with the OD 34 (A600). The cells were collected
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the efficacy as EhiCA inhibitors increases with the increase of the linker between the two aromatic
rings. AAZ and 20 contain the 1,3,4-thiadiazole-2-sulfonamide motif present in many potent
CAIs. In this case, aminobenzolamide 20 is a more effective EhiCA inhibitor compared to AAZ.
It is interesting to note that BZA, lacking the amino moiety present in 20, but with an identical
scaffold, is a very weak CAI, with a KI of 2471 nM (whereas it is a very potent hCA I and II
inhibitor). Thus, minor structural changes in the molecule of the inhibitor lead to drastic effects
on their inhibitory profiles against various CAs, including the one form the parasitic protozoan
investigated here.

Table 2. Inhibition of the human isoforms hCA I and hCA II, and Entamoeba histolytica (EhiCA)
from Entamoeba histolytica with sulfonamides 1–24 and the clinically used drugs AAZ–HCT, by a
stopped-flow, CO2 hydrase assay [35].

Inhibitor/Enzyme Class
KI * (nM)

hCA I a hCA II a EhiCA
α α β

1 28,000 300 2363
2 25,000 240 6011
3 79 8 951
4 78,500 320 833
5 25,000 170 567
6 21,000 160 798
7 8300 60 >10,000
8 9800 110 >10,000
9 6500 40 >10,000
10 7300 54 4656
11 5800 63 742
12 8400 75 1911
13 8600 60 821
14 9300 19 579
15 5500 80 772
16 9500 94 89
17 21,000 125 36
18 164 46 383
19 109 33 521
20 6 2 385
21 69 11 368
22 164 46 331
23 109 33 290
24 95 30 285

AAZ 250 12 509
MZA 50 14 845
EZA 25 8 746
DCP 1200 38 790
DZA 50,000 9 6444
BRZ 45,000 3 3051
BZA 15 9 2471
TPM 250 10 3100
ZNS 56 35 9595
SLP 1200 40 >10,000
IND 31 15 822
VLX 54,000 43 >10,000
CLX 50,000 21 >10,000
SLT 374 9 6727
SAC 18,540 5959 >10,000
HCT 328 290 3402

* Errors in the range of 5–10% of the reported data, from 3 different assays (data not shown). a Human recombinant
isozymes, stopped flow CO2 hydrase assay method, from References [11–15].
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(iii) The following compounds showed modest EhiCA inhibitory properties: 3–6, 11, 13–15, MZA,
EZA, DCP, and IND, with KIs ranging between 567 and 951 nM. They belong to heterogeneous
classes of sulfonamides, most of them being benzenesulfonamides (apart 13 and 14 which
are the deacetylated precursors of AAZ and MZA, thus, heterocyclic derivatives). A special
mention regards 15, which is structurally related to the most effective EhiCA inhibitors detected
here, compounds 16 and 17. Indeed, 15 is 9–20 times a weaker EhiCA inhibitor compared to
16 and 17, although they differ only by one or two CH2 functionalities. From these data, it
is again obvious that SAR is very sensitive to small changes in the molecule of the inhibitor
and that the 4-hydroxyalkyl-substituted-benzenesulfonamides may lead to highly effective and
isoform-selective CAIs targeting the enzyme from this parasite.

(iv) Weak, micromolar inhibition against EhiCA was observed with 1, 2, 10, 12, DZA, BRZ, BZA,
TPM, ZNZ, SLT, and HCT (KIs ranging between 1.91–9.59 µM) as discussed earlier. In addition,
these derivatives belong to heterogeneous classes of derivatives, but overall one may observe
that they possess a bulkier scaffold and more substituents on the aromatic/heterocyclic ring
compared to the effective EhiCA inhibitors described above.

(v) The ineffective compounds as EhiCA inhibitors (KI > 10 µM) detected here were 7–9 (halogenated
sulfanilamide derivatives), sulpiride SLP, the COX-2 inhibitorsCLX andVLX (possessing a bulky,
Y-shaped molecule), and saccharin SAC, the only acylated, secondary sulfonamide included in
the study.

(vi) The inhibition profile of EhiCA with sulfonamides/sulfamates is very different from those of the
human isoforms hCA I and II, but only two compounds, 16 and 17 showed selectivity for the
protozoan over the human isoforms (Table 2).

3. Experimental

3.1. Vector Construction

We produced the EhiCA as a recombinant protein in E. coli. The DNA sequence was retrieved
from UniProt and modified for recombinant protein production and purification to include N-terminal
polyhistidine tag. We provided the sequence of the insert, and the actual construction of the plasmid
vector was performed by GeneArt (Invitrogen, Regensburg, Germany). The structure of the insert was
specifically modified for production in E. coli. The insert was ligated into a modified plasmid vector,
pBVboost [44].

3.2. Production of the Protein

The freeze-dried plasmid was prepared according to the manufacturer’s manual. Deep-frozen
BL21 StarTM (DE3) cells (Invitrogen, Carlsbad, CA, USA) were slowly melted on ice. 25 µL of the
melted cell suspension and 1 µL of the plasmid solution were combined. The suspension was kept on
ice for 30 min. Then the heat shock was performed by submerging the suspension containing tube into
+42 ◦C water for 30 s and after that, incubated on ice for 2 min. 125 µL of S.O.C. Medium (Invitrogen,
Carlsbad, CA, USA) was added to the tube, and the tube was incubated for 1 h with constant shaking
(200 rpm) at +37 ◦C. Growth plates (gentamycin-LB medium ratio 1:1000) were prewarmed at +37
◦C for 40 min. Twenty microliters and 50 µL of the suspension were spread on two plates, which
were incubated overnight at +37 ◦C. A volume of 5 mL preculture was prepared by inoculating single
colonies from growth plates to LB medium with gentamycin (ratio 1:1000). It was then incubated
overnight at +37 ◦C with constant shaking of 200 rpm. Then the production was executed according
to pO-stat fed bacth protocol, which is essentially as described in Määttä et al. [45]. There were some
alterations to the previously described protocol: The fermentation medium did not contain glycerol as
the cell line used did not require it. The induction of the culture was performed with 1 mM IPTG 12 h
after starting the fermentation. The temperature was decreased to 25 ◦C at the time of the induction.
Culturing was stopped after 12 h of the induction with the OD 34 (A600). The cells were collected
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by centrifugation, and the wet weight of cell pellet was 303 g. The fermentation was performed by
Tampere facility of Protein Services (PS). The cell pellet (approximately 35 g) was suspended in 150mL
of binding buffer containing 50 mM Na2HPO4, 0.5 M NaCl, 50 mM imidazole, and 10% glycerol
(pH 8.0) and the suspension was homogenized with EmulsiFlex-C3 (AVESTIN, Ottawa, ON, Canada)
homogenizer. The lysate was centrifuged at 13,000× g for 15 min at 4 ◦C, and the clear supernatant
was mixed with HisPur™Ni-NTA Resin (Thermo Fisher Scientific, Waltham, MA, USA) and incubated
for 2 h at room temperature on a magnetic stirrer. Then, the resin was washed with the binding
buffer and collected onto an empty column with EMD Millipore™ vacuum filtering flask (Merck,
Kenilworth, NJ, USA) and a filter paper. The protein was eluted from the resin with 50 mM Na2HPO4,
0.5 M NaCl, 350 mM imidazole and 10% glycerol (pH 7.0). The protein was re-purified with TALON®

Superflow™ cobalt resin (GE Healthcare, Chicago, IL, USA). The eluted protein fractions were diluted
to binding buffer (50 mM Na2HPO4, 0.5 M NaCl, and 10% glycerol pH 8.0) so that the imidazole
concentration was under 10 mM. The protein binding and elution were performed as described above.
The purity of the protein was determined with gel electrophoresis (SDS-PAGE) and visualized with
PageBlue Protein staining solution (Thermo Fisher Scientific, Waltham, MA, USA). Mass spectrometric
identification of the obtained polypeptide bands was performed in the Tampere University Facility
of Protein Services. Protein fractions were pooled and concentrated with 10 kDa Vivaspin® Turbo
15 centrifugal concentrators (Sartorius™, Göttingen, Germany) at 4000× g at 4 ◦C. Buffer exchange in
50 mM TRIS (pH 7.5) was done with the same centrifugal concentrators. His-tag was cleaved from the
purified protein by Thrombin CleanCleave Kit (Sigma-Aldrich, Saint Louis, MO, USA) according to
manufacturer’s manual.

3.3. CA Activity and Inhibition Measurements

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used
to assay the catalytic activity of various CA isozymes for CO2 hydration reaction [35]. Phenol red
(at a concentration of 0.2 mM) was used as indicator, working at the absorbance maximum of 557 nm,
with 10 mM HEPES (pH 7.5, for α-CAs) or TRIS (pH 8.3, for β-CAs) as buffers, 0.1 M NaClO4

(for maintaining constant ionic strength), following the CA-catalyzed CO2 hydration reaction for a
period of 10 s at 25 ◦C. The CO2 concentrations ranged from 1.7 to 17 mM for the determination of the
kinetic parameters and inhibition constants. For each inhibitor at least six traces of the initial 5–10% of
the reaction have been used for determining the initial velocity. The uncatalyzed rates were determined
in the same manner and subtracted from the total observed rates. Stock solutions of inhibitors (0.1 mM)
were prepared in distilled-deionized water, and dilutions up to 1 nM were done thereafter with the
assay buffer. Enzyme and inhibitor solutions were pre-incubated together for 15 min before assay,
to allow for the formation of the enzyme–inhibitor complex. The inhibition constants were obtained
by non-linear least-squares methods using PRISM 3 and the Cheng–Prusoff equation, as reported
earlier [46–48].

4. Conclusions

In the search for alternative drug targets for anti-protozoan agents, we report the
first sulphonamide/sulfamate inhibition study of EhiCA, a β-class CA from the parasitic
protozoan Entamoeba histolytica. The strong enzyme inhibitors identified in the study were
4-hydroxymethyl/ethyl-benzenesulfonamide (KIs of 36–89 nM), which were also selective for
inhibiting the protozoan over the human CA isoforms. Some sulfanilyl-sulfonamides also
showed good activities, with inhibition constants in the range of 285–331 nM. Acetazolamide,
methazolamide, ethoxzolamide and dichlorophenamide, clinically used agents, were less effective
EhiCA inhibitors (KIs of 509–845 nM) compared to other sulfonamides investigated here. As β-CAs
are not present in vertebrates, the present study may be useful for detecting lead compounds
for the design of more effective inhibitors with the potential to develop anti-infectives with
alternative mechanisms of action. Compounds, such as the strong enzyme inhibitors detected
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here, 4-hydroxymethyl/ethyl-benzenesulfonamide, may also be used as pharmacologic tools for
understanding the role played by this enzyme in the life cycle of the protozoan.
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by centrifugation, and the wet weight of cell pellet was 303 g. The fermentation was performed by
Tampere facility of Protein Services (PS). The cell pellet (approximately 35 g) was suspended in 150mL
of binding buffer containing 50 mM Na2HPO4, 0.5 M NaCl, 50 mM imidazole, and 10% glycerol
(pH 8.0) and the suspension was homogenized with EmulsiFlex-C3 (AVESTIN, Ottawa, ON, Canada)
homogenizer. The lysate was centrifuged at 13,000× g for 15 min at 4 ◦C, and the clear supernatant
was mixed with HisPur™Ni-NTA Resin (Thermo Fisher Scientific, Waltham, MA, USA) and incubated
for 2 h at room temperature on a magnetic stirrer. Then, the resin was washed with the binding
buffer and collected onto an empty column with EMD Millipore™ vacuum filtering flask (Merck,
Kenilworth, NJ, USA) and a filter paper. The protein was eluted from the resin with 50 mM Na2HPO4,
0.5 M NaCl, 350 mM imidazole and 10% glycerol (pH 7.0). The protein was re-purified with TALON®

Superflow™ cobalt resin (GE Healthcare, Chicago, IL, USA). The eluted protein fractions were diluted
to binding buffer (50 mM Na2HPO4, 0.5 M NaCl, and 10% glycerol pH 8.0) so that the imidazole
concentration was under 10 mM. The protein binding and elution were performed as described above.
The purity of the protein was determined with gel electrophoresis (SDS-PAGE) and visualized with
PageBlue Protein staining solution (Thermo Fisher Scientific, Waltham, MA, USA). Mass spectrometric
identification of the obtained polypeptide bands was performed in the Tampere University Facility
of Protein Services. Protein fractions were pooled and concentrated with 10 kDa Vivaspin® Turbo
15 centrifugal concentrators (Sartorius™, Göttingen, Germany) at 4000× g at 4 ◦C. Buffer exchange in
50 mM TRIS (pH 7.5) was done with the same centrifugal concentrators. His-tag was cleaved from the
purified protein by Thrombin CleanCleave Kit (Sigma-Aldrich, Saint Louis, MO, USA) according to
manufacturer’s manual.

3.3. CA Activity and Inhibition Measurements

An Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument has been used
to assay the catalytic activity of various CA isozymes for CO2 hydration reaction [35]. Phenol red
(at a concentration of 0.2 mM) was used as indicator, working at the absorbance maximum of 557 nm,
with 10 mM HEPES (pH 7.5, for α-CAs) or TRIS (pH 8.3, for β-CAs) as buffers, 0.1 M NaClO4

(for maintaining constant ionic strength), following the CA-catalyzed CO2 hydration reaction for a
period of 10 s at 25 ◦C. The CO2 concentrations ranged from 1.7 to 17 mM for the determination of the
kinetic parameters and inhibition constants. For each inhibitor at least six traces of the initial 5–10% of
the reaction have been used for determining the initial velocity. The uncatalyzed rates were determined
in the same manner and subtracted from the total observed rates. Stock solutions of inhibitors (0.1 mM)
were prepared in distilled-deionized water, and dilutions up to 1 nM were done thereafter with the
assay buffer. Enzyme and inhibitor solutions were pre-incubated together for 15 min before assay,
to allow for the formation of the enzyme–inhibitor complex. The inhibition constants were obtained
by non-linear least-squares methods using PRISM 3 and the Cheng–Prusoff equation, as reported
earlier [46–48].

4. Conclusions

In the search for alternative drug targets for anti-protozoan agents, we report the
first sulphonamide/sulfamate inhibition study of EhiCA, a β-class CA from the parasitic
protozoan Entamoeba histolytica. The strong enzyme inhibitors identified in the study were
4-hydroxymethyl/ethyl-benzenesulfonamide (KIs of 36–89 nM), which were also selective for
inhibiting the protozoan over the human CA isoforms. Some sulfanilyl-sulfonamides also
showed good activities, with inhibition constants in the range of 285–331 nM. Acetazolamide,
methazolamide, ethoxzolamide and dichlorophenamide, clinically used agents, were less effective
EhiCA inhibitors (KIs of 509–845 nM) compared to other sulfonamides investigated here. As β-CAs
are not present in vertebrates, the present study may be useful for detecting lead compounds
for the design of more effective inhibitors with the potential to develop anti-infectives with
alternative mechanisms of action. Compounds, such as the strong enzyme inhibitors detected

Int. J. Mol. Sci. 2018, 19, 3946 9 of 11

here, 4-hydroxymethyl/ethyl-benzenesulfonamide, may also be used as pharmacologic tools for
understanding the role played by this enzyme in the life cycle of the protozoan.
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ABSTRACT
Schistosoma mansoni is an intestinal parasite with one b-class carbonic anhydrase, SmaBCA. We report the
sequence enhancing, production, catalytic activity, and inhibition results of the recombinant SmaBCA.
It showed significant catalytic activity on CO2 hydration in vitro with kcat 1.38� 105 s�1 and kcat/Km
2.33� 107 M�1 s�1. Several sulphonamide inhibitors, from which many are clinically used, showed submi-
cromolar or nanomolar inhibitory effects on SmaBCA. The most efficient inhibitor with a KI of 43.8 nM was
4-(2-amino-pyrimidine-4-yl)-benzenesulfonamide. Other effective inhibitors with KIs in the range of 79.4–
95.9 nM were benzolamide, brinzolamide, topiramate, dorzolamide, saccharin, epacadostat, celecoxib, and
famotidine. The other tested compounds showed at least micromolar range inhibition against SmaBCA.
Our results introduce SmaBCA as a novel target for drug development against schistosomiasis, a highly
prevalent parasitic disease.
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Introduction

Schistosoma mansoni is a parasitic blood fluke affecting �200 mil-
lion people worldwide.1,2 It causes schistosomiasis and has been
rated as the second most harmful parasite in the world; only mal-
aria has been stated to cause more mortality.3,4 Schistosoma man-
soni is endemic in Africa, South America, the Caribbean, and the
Middle East.5 Schistosomiasis is an intestinal infection that produ-
ces acute symptoms of diarrhoea,6 abdominal pain,6 and fever.7

Patients are afflicted with S. mansoni as the larvae living in
freshwater penetrate through healthy skin and travel via the
bloodstream to the recipient’s liver.8 The larvae grow up and
reach mesenteric veins to lay eggs.9 Some of the larvae reside in
the liver arteries10 and can live for decades, causing granuloma-
tous infection to the wall of the intestines as the eggs invade the
gut wall.2,5 Chronic granulomatous infection occurs in the liver,
serving as an incubator for developing larvae and trapping some
of the eggs,1 and can lead to irreversible hepatic cirrhosis, espe-
cially if the affected person has chronic viral hepatitis, relatively
common in the endemic areas of S. mansoni.11 The chronic infec-
tion can be cured only via medical intervention as the host’s
immune system is unable to overcome the parasite.10

There is no vaccine against schistosomiasis12,13 and the only
currently known effective treatment against species of
Schistosoma-genus parasites14 is executed with praziquantel.10 It is
used as a preventive medicine and for treating patients,15 but mil-
lions of people still get infected yearly.1 Currently, the need for

preventive chemotherapy is over two times higher than the num-
ber of individuals receiving the required medication (Figure 1).
The pervasive use of praziquantel for schistosomiasis has led to
rising resistance against the drug.16,17 Therefore, potential medi-
cines with novel modes of action are urgently needed to fight this
devastating disease.

In developing new drugs against parasitic diseases, carbonic
anhydrases (CAs, EC 4.2.1.1) have recently emerged as potential
targets.18–20 CAs catalyse the reversible hydration of CO2, main-
taining homeostasis in tissues and fluids of the body. Eight dis-
tinct families of CAs have been presented in classifications based
on protein structures and the active site. Some of the families
have evolved as a result of long divergent evolution, but there are
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i-CAs, no structural or evolutionary relatedness to other classes
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cells.26 b-CAs are not found in vertebrates but are present in most
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ABSTRACT
Schistosoma mansoni is an intestinal parasite with one b-class carbonic anhydrase, SmaBCA. We report the
sequence enhancing, production, catalytic activity, and inhibition results of the recombinant SmaBCA.
It showed significant catalytic activity on CO2 hydration in vitro with kcat 1.38� 105 s�1 and kcat/Km
2.33� 107 M�1 s�1. Several sulphonamide inhibitors, from which many are clinically used, showed submi-
cromolar or nanomolar inhibitory effects on SmaBCA. The most efficient inhibitor with a KI of 43.8 nM was
4-(2-amino-pyrimidine-4-yl)-benzenesulfonamide. Other effective inhibitors with KIs in the range of 79.4–
95.9 nM were benzolamide, brinzolamide, topiramate, dorzolamide, saccharin, epacadostat, celecoxib, and
famotidine. The other tested compounds showed at least micromolar range inhibition against SmaBCA.
Our results introduce SmaBCA as a novel target for drug development against schistosomiasis, a highly
prevalent parasitic disease.
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Introduction

Schistosoma mansoni is a parasitic blood fluke affecting �200 mil-
lion people worldwide.1,2 It causes schistosomiasis and has been
rated as the second most harmful parasite in the world; only mal-
aria has been stated to cause more mortality.3,4 Schistosoma man-
soni is endemic in Africa, South America, the Caribbean, and the
Middle East.5 Schistosomiasis is an intestinal infection that produ-
ces acute symptoms of diarrhoea,6 abdominal pain,6 and fever.7

Patients are afflicted with S. mansoni as the larvae living in
freshwater penetrate through healthy skin and travel via the
bloodstream to the recipient’s liver.8 The larvae grow up and
reach mesenteric veins to lay eggs.9 Some of the larvae reside in
the liver arteries10 and can live for decades, causing granuloma-
tous infection to the wall of the intestines as the eggs invade the
gut wall.2,5 Chronic granulomatous infection occurs in the liver,
serving as an incubator for developing larvae and trapping some
of the eggs,1 and can lead to irreversible hepatic cirrhosis, espe-
cially if the affected person has chronic viral hepatitis, relatively
common in the endemic areas of S. mansoni.11 The chronic infec-
tion can be cured only via medical intervention as the host’s
immune system is unable to overcome the parasite.10

There is no vaccine against schistosomiasis12,13 and the only
currently known effective treatment against species of
Schistosoma-genus parasites14 is executed with praziquantel.10 It is
used as a preventive medicine and for treating patients,15 but mil-
lions of people still get infected yearly.1 Currently, the need for

preventive chemotherapy is over two times higher than the num-
ber of individuals receiving the required medication (Figure 1).
The pervasive use of praziquantel for schistosomiasis has led to
rising resistance against the drug.16,17 Therefore, potential medi-
cines with novel modes of action are urgently needed to fight this
devastating disease.

In developing new drugs against parasitic diseases, carbonic
anhydrases (CAs, EC 4.2.1.1) have recently emerged as potential
targets.18–20 CAs catalyse the reversible hydration of CO2, main-
taining homeostasis in tissues and fluids of the body. Eight dis-
tinct families of CAs have been presented in classifications based
on protein structures and the active site. Some of the families
have evolved as a result of long divergent evolution, but there are
at least four independent ancestors.21–23 The a- and g-CAs share a
common protein fold but they contain different catalytic residues
in the active sites.22 The group of b-like-CAs includes e-, h-, and
f-CAs (M. Tolvanen, unpublished observations). For c-CAs and
i-CAs, no structural or evolutionary relatedness to other classes
has been reported. On the contrary, d-CAs show structural resem-
blance to a-CAs, although they are considered a family of their
own.24,25 The earliest discovered enzyme forms are a-CAs found in
humans, other animals, and many other pro- and eukaryotic
cells.26 b-CAs are not found in vertebrates but are present in most
prokaryotes, archaea, plants, fungi, and non-chordate metazoa.26,27
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present in diatoms,30 and g-CAs have been discovered in
Plasmodium-parasites and in Toxoplasma gondii, thus far.22,31

h-CAs have been found in marine diatoms, green algae, and bac-
teria,32 and the most recently found i-CAs are widely found in
bacteria, diatoms, green algae, and cyanobacteria.23,33 S. mansoni
has only one b-CA but six a-CAs,34 one of which has been previ-
ously produced as a recombinant protein and tested for inhibition
properties using various sulphonamide and anion class inhibi-
tors.35 For instance, clorsulon, an antiparasitic sulphonamide, has
a good inhibitory activity in vitro.36 This study is focussed on the
S. mansoni b-CA, for which we use the abbreviation SmaBCA.

CA inhibitors of the sulphonamide class are already in use as
drugs to treat clinical conditions, such as glaucoma,37,38 brain
oedema,39 and mountain sickness.40,41 Ongoing research of new
drug candidates for targeting different CA families aims at novel
treatment of various diseases, such as cancer,38,42 neuropathic
pain,43 migraine43 as well as infectious diseases.42,44 The clinically
used inhibitors affect more than one CA isoform45 and can con-
tribute to significant adverse side effects.46 The human genome
has only a-CAs, and the absence of b-CAs provides an excellent
opportunity to design and generate more specific anti-parasitic
drugs, explicitly targeting the b-CAs. This study aimed to produce
and characterise recombinant SmaBCA and to test the efficacy of
selected sulphonamide- and anion-type CA inhibitors against this
enzyme. The results could help to determine the best inhibitor
candidates for further development as lead compounds of antipar-
asitic drugs.

Materials and methods

Sequence retrieval

At the start of this study, we identified S. mansoni b-CA sequences
by Blast searches at NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
and UniProt (https://www.uniprot.org/blast), using b-CA from
Drosophila melanogaster47 as a query sequence, finding
XP_018647616.1 at NCBI and G4V6B2 at UniProt, identical sequen-
ces of 241 aa. When a DNA sequence coding for this sequence
could not be produced, we looked at the original sequence more
carefully.

Further BlastP searches were carried out against NCBI RefSeq
proteins with the S. mansoni b-CA XP_018647616.1 as the query
sequence, limiting the search to Platyhelminthes on May
14th, 2018. Selected hits were aligned using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/).48,49 An N-terminally

incomplete S. haematobium protein XP_012795040.1 matched well
with S. mansoni XP_018647616.1 but had a longer C-terminus,
which resembles the C-termini of b-CA sequences of other
parasites. This prompted us to revisit the gene model of
XP_018647616.1 to see if a sequence coding for a similar C-ter-
minal extension could also be found in the S. mansoni genome.
Using the S. haematobium b-CA protein as a query sequence in a
Blast search at metazoa.ensembl.org, we identified a sequence
coding for a full-length SmBCA, which was used in the successful
production of an active enzyme.

Multiple sequence alignments (MSA)

In order to visualise sequence conservation in metazoan b-CAs for
this article, we collected a new sequence set on 30 March 2022. S.
japonicum KAH8855123.1 was used as a query sequence in BLAST
at NCBI, with substitution matrix BLOSUM45, result list size of 5000,
and taxonomy filter set to Metazoa. This resulted in 643 hits,
filtered (with NCBI Blast result tools) for 85 % query coverage,
leaving 520 sequences (https://github.com/MarttiT/S.-mansoni-
BCA/blob/main/SmaBCA520%20blast%20hits%20Descriptions.xlsx).
Incidentally, at this point, the RefSeq version of S. mansoni b-CA
(XP_018647616.1) was too short to pass the coverage filter. The
longest 35 sequences (of 998–2153 aa, all from rotifers) were
removed. The remaining 485 sequences were aligned preliminarily
using the Clustal Omega48,49 within SeaView 5.0.4.,50 and sequen-
ces with unique insertions or clearly mismatching sequences within
conserved regions were manually deleted (using SeaView). The
remaining 390 sequences were realigned with SeaView, and the
resulting MSA (https://github.com/MarttiT/S.-mansoni-BCA/blob/
main/SeaView%20MSA%20390.aln) was filtered for sequences with
more than 90 % identity against any other sequence in the set. The
Decrease redundancy tool at https://web.expasy.org/decrease_
redundancy/ was used for this purpose (C�edric Notredame, unpub-
lished), and a final realignment was performed on the obtained set
of 162 protein sequences with Clustal Omega at EBI (https://www.
ebi.ac.uk/Tools/msa/clustalo/)49 (Supplementary File 1).

A sequence logo was constructed to visualise this MSA using
Berkeley WebLogo version 3.7.12 (https://weblogo.threeplusone.
com/)51 with the parameters of 1st pos �112, logo from 1 to 310,
no adjustment for composition, no error bars, colour scheme
chemistry (Figure 6).

To compare schistosomal b-CA sequences (Figure 2), we pre-
pared a Clustal Omega alignment of the SmaBCA sequence of
this study with S. margrebowiei VDO63334.1, S. haematobium

Figure 1. The worldwide requirement of preventive medication compared to the realised medication according to WHO [https://apps.who.int/neglected_diseases/
ntddata/sch/sch.html, figure visualisation made by Susanna Haapanen using GraphPad Prism (1992–2020 GraphPad Software, LLC, version 9.0.0)].
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KAH9593836.1, and S. japonicum TNN15731.1. This alignment was
visualised using ESPript 3.0 at https://espript.ibcp.fr/ESPript/cgi-
bin/ESPript.cgi.52 A global score cut-off of 0.75 used for colouring
the blocks and secondary structure assignments for the top line
were taken from the S. mansoni b-CA model retrieved from the
AlphaFold protein structure database, https://alphafold.ebi.ac.uk/
entry/A0A3Q0KBP5.53,54

Dimer modelling

The monomer model retrieved from the AlphaFold protein struc-
ture database has a visual resemblance to the pea b-CA model
(PDB 1ekj) in that the N-terminal alpha helices are detached from

the catalytic domain of the monomer structure. In the full octamer
model of 1ekj, we can see that these alpha helices wrap around
another monomer to create the basic dimer unit, which is
repeated as four copies. This inspired us to create a 3D
dimer model for SmaBCA using ChimeraX (daily build
1.4.dev202202030703), developed by the UCSF Resource for
Biocomputing, Visualisation, and Informatics (San Francisco,
California, USA), supported in part by the National Institutes of
Health. The AlphaFold multimer modelling interface55 was used to
submit the prediction to run at Google Colab, giving two copies
of our SmaBCA sequence as input, on 6 April 2022. The dimer
model is available at https://github.com/MarttiT/S.-mansoni-BCA/
blob/main/SmaBCA%20dimer.pdb.

Figure 2. Comparison of the b-CA protein sequence of this study (S_mansoni_new) by sequence alignment to homologs from three other Schistosoma species. The
conserved residues of the catalytic-site motifs, CXDXR and HXXC, are indicated with black triangles (C: Cys, D: Asp, H: His, R: Arg, X: any residue). Columns with fully
conserved residues are shown as red with white letters. Boxed columns denote positions in which at least 75 % of residues are of a similar type, consisting of a total
of 244 aa (91.7 %), of which 175 aa are totally conserved (65.8 %). The top line indicates the secondary structures of the AlphaFold model for S. mansoni b-CA. a:
a-helices; b: b-strands; g: 310-helices; T: turns.
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Vector construction, protein production, and purification

The same production procedure was followed both for the unsuc-
cessful production of the protein corresponding to UniProt
G4V6B2 and our amended sequence with a full-length last exon.
The amended sequence contains the modifications to C-terminus
as described above as well as the silent mutations to prevent
Rho-independent termination site forming, on the contrary, to the
unsuccessful production of the protein to which the sequence
was unmodified.

Since some coding genes may contain termination codes in
the middle of mRNA coding sequences and lead to early transcrip-
tion termination and the consequent production of immature
mRNA, a prediction approach was performed using ARNold
(http://rssf.i2bc.paris-saclay.fr/toolbox/arnold/) web tool56 to find
Rho-independent transcription termination sites on the SmaBCA
gene (NCBI gene ID: 8342150). To prevent the formation of imma-
ture mRNA for SmaBCA, five silent mutations were introduced to
change the nucleotides of Rho-independent termination sites to
other nucleotides.

The finalised sequence of the insert was sent to GeneArt
(Invitrogen, Regensburg, Germany), where a modified plasmid vec-
tor, pBVboost, was constructed.57

The plasmid vector was prepared according to the manufac-
turer’s instructions and then transformed with heat shock into
BL21 StarTM (DE3) cells (Invitrogen, Carlsbad, USA), as described
previously.58 The production of recombinant protein was executed
manually in LB broth (Sigma-Aldrich, St. Louis, MO, USA) with
1:1000 gentamicin (Sigma-Aldrich) and 1:100 glycerol (VWR
International, Radnor, PA, USA)/glucose (Sigma-Aldrich) as pro-
posed in Kopp et al.59 at þ37 degrees and shaking with 200 rpm.
Both glycerol and glucose proved to be equally effective additives
in the growth medium to reduce the number of impurities. The
OD (Fisher Scientific Colorimeter Model 45 (WA12173),
Fisherbrand, Thermo Fisher Scientific, Waltham, MA, USA) was
measured and at the OD 0.4–0.5 1M isopropyl-b-D-thiogalactopyr-
anoside (IPGT, Thermo Fisher Scientific) was added in relation of
1:1000 to LB medium. Growth continued overnight and was termi-
nated the next day by pelleting the cells by centrifugation at
5000� g for 20min resulting in a total incubation and production
time of 24 h.

A few alterations were made to the purification protocol com-
pared to Haapanen et al.58 We used 50mM Na2HPO4 (Sigma-
Aldrich), 0.5M NaCl (VWR International), and 50mM imidazole
(Sigma-Aldrich) (pH 8.0) as a binding buffer and washed the nickel
resin (HisPurTM Ni-NTA Resin, Thermo Fisher Scientific) with
15� 25ml of 50mM Na2HPO4, 0.5M NaCl, 50mM imidazole, and
20 % glycerol (pH 8.0) with EMD MilliporeTM vacuum filtering flask
(Merck, Kenilworth, NJ, USA) and filter paper (pore size 2 mm,
WhatmanTM, Maidstone, UK). The glycerol was washed off with
10� 25ml of binding buffer with the same vacuum filtering flask.
Subsequently, the resin was collected into an empty column (Maxi
Columns, G-Biosciences, St. Louis, MO, USA). The protein was
eluted from the resin with elution buffer (50mM Na2HPO4, 0.5M
NaCl, and 350mM imidazole, pH 8.5). Re-purification was per-
formed twice, similarly to the initial purification, except using
50mM Na2HPO4, 0.5M NaCl (pH 8.0) as a binding buffer to make
the imidazole concentration under 20mM. The purity of the col-
lected fractions was verified with 12 % SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) under reducing condi-
tions using Precision Plus ProteinTM Standards Dual Colour (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) as a standard molecular
weight (MW) marker. The MW marker and bands were visualised
with PageBlueTM Protein Staining Solution (Thermo Fisher

Scientific) on the gel by letting the gel stain for 30min and then
washing with distilled water. The bands were confirmed to be
SmaBCA with mass spectrometry (data not shown).

CA enzyme activity and inhibition

Before activity measurements, the buffer was changed into 50mM
TRIS (VWR International) (pH 8.5) with 10 kDa VivaspinVR Turbo 15
centrifugal concentrators (SartoriusTM, G€ottingen, Germany) at
4000�g at þ4�C. The CA-catalysed CO2 hydration activity was
measured using an Applied Photophysics stopped-flow instru-
ment.60 The measurement protocol was identical to the previously
described in Berrino et al.61

Results

To produce the recombinant protein of SmaBCA, an insert
sequence was retrieved from the National Centre of
Biotechnology Information (NCBI Reference Sequence: XM_
018793067.1). It was included in our construct because it was the
only b-CA of S. mansoni available in sequence databases in 2018
(also represented in UniProt protein entry G4V6B2). We did not
obtain any protein from recombinant production using this ori-
ginal sequence. Upon closer inspection, the sequence seemed to
have an incorrectly predicted splice site in the actual last exon,
joined to a superfluous exon, coding only for three residues
instead of extending the last exon up to a stop codon. The full-
length sequence for the last exon was discovered in the S. man-
soni genome by searching with other schistosomal b-CA sequen-
ces. The amended last exon coded for 28 additional amino acids
(aa), highly similar to the search query sequences. This sequence
also led to the successful production of the active enzyme
described in this study. A full-length sequence of SmaBCA was
added in UniProt after we had already produced our protein
(A0A3Q0KBP5, 13 February 2019). This sequence is probably
derived from a later genome version than ours (which came from
S. mansoni genome assembly ASM23792v2 as of 14 May 2018 at
metazoa.ensembl.org), and it differs by one amino acid substitu-
tion (N264D) from our sequence. This is a variable site even within
Schistosoma species (Figure 2).

Our analysis also revealed that the SmaBCA gene sequence
contains a Rho-independent transcription termination site, a GC-
rich area in the sequence causing loop formation and detachment
of RNA polymerase, which introduces an early termination of tran-
scription in bacteria and consequently a non-functional messenger
RNA (mRNA) (Figure 3). To enable the recombinant production in
Escherichia coli, we chose to create single nucleotide mutations
in the coding sequence to disrupt base pairs in the stem (blue in
Figure 3) without any effect on the translated amino acid
sequence.

As a result of recombinant protein production, we obtained six
protein bands of �13, 22, 25, 29, 38, and 75 kDa in size (Figure 4).
All these bands represented different forms of SmaBCA as con-
firmed by mass spectrometry (data not shown). The calculated
molecular weight of the translated coding sequence is 30.4 kDa,
not accounting for any post-translational modifications.

Kinetic analysis of SmaBCA showed that the enzyme (with His-
tag) is moderately active with kcat 1.38� 105 s�1, Km 5.92mM, and
kcat/Km 2.33� 107 M�1 s�1. Several sulphonamide and anion inhib-
itors46,62,63 were tested to evaluate their inhibitory properties
against SmaBCA. The most efficient inhibitors showed submicro-
molar or nanomolar inhibitory effects on SmaBCA (Table 1 and
Figure 5). The most efficient inhibitor with a KI of 43.8 nM was
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4-(2-amino-pyrimidine-4-yl)-benzenesulfonamide (compound 19).
Other effective inhibitors included several clinically used drugs.
Benzolamide (BZA), brinzolamide (BRZ), topiramate (TPM), dorzola-
mide (DZA), saccharin (SAC), epacadostat (EPT), celecoxib (CLX),
and famotidine (FAM) showed KIs in the range of 79.4–95.9 nM.
The other tested compounds inhibited SmaBCA at micromolar or
millimolar concentrations.

Our protein sequence was aligned with b-CA sequences of
other Schistosoma species, as shown in Figure 2. All these sequen-
ces are highly similar, with identities to the protein of this study
ranging from 75.6 to 86.8 %. The identity percentages are even
higher in the protein core and in the active site, which suggests
that any drugs developed to inhibit SmaBCA would also be inhibi-
tory for b-CAs of other Schistosoma species.

The sequence logo of Figure 6 extracts information from a
multiple sequence alignment (MSA) of 162 metazoan b-CA
sequences showing 19 perfectly conserved aa sites and 26 almost
conserved sites. Of course, we find highly conserved areas at the
motifs, which are part of the active site (CXDXR and HXXC), and

Figure 3. The coding sequence of the b-CA gene from S. mansoni. The predicted Rho-independent transcription termination site is marked in underlined blue and red
text in the sequence, and the corresponding Rho-independent stem-loop is shown on the right.

Figure 4. SDS-PAGE of b-CA of S. mansoni (SmaBCA) showing six polypeptide
bands confirmed to represent SmaBCA by mass-spectrometry (data not shown).
Right lane: The most intense bands of 25 and 29 kDa are the main forms of the
expressed protein, and the additional polypeptides either are degraded forms (13
and 22 kDa) or oligomers (38 and 75 kDa). Left lane: Standard molecular weight
(MW) markers in kDa.

Table 1. Inhibition data for SmaBCA with sulphonamide analogs 1–24, clinically
used compounds, and anions.

Compound
SmaBCA

Compound
SmaBCA

KI (mM)� KI (mM)�
1 1.830 BRZ 0.083
2 2.516 BZA 0.079
3 1.556 TPM 0.083
4 0.776 NO2

� >10 000
5 0.788 NO3

� 2270
6 0.327 HCO3

� 7840
7 0.872 CO3

2� 740
8 0.372 HSO3

� 4260
9 0.960 SO4

2� 3720
10 0.935 F� 6280
11 2.040 Cl� 2850
12 0.417 Br� 2840
13 0.314 I� 840
14 0.375 CNO� 890
15 0.982 SCN� 930
16 0.600 HS� 820
17 0.346 CN� 930
18 1.043 N3

� 800
19 0.044 Sulfamide 8
20 0.316 Sulfamic acid 40
21 0.255 Phenylarsonic acid 20
22 0.378 Phenylboronic acid 520
23 0.241 SnO3

2� 960
24 0.750 SeO4

2� 3490
SLP 0.254 TeO4

2� 4900
IND 0.812 OsO5

2� 580
ZNS 0.521 P2O7

2� >10 000
CLX 0.092 V2O7

2� >10 000
VLX 0.474 B4O7

2� 4300
SLT 0.758 ReO4

� 9090
SAC 0.091 RuO4

� 3650
HCT 0.918 S2O8

2� >10 000
FAM 0.096 SeCN� 220
DCP 0.545 NH(SO3)

2� >10 000
EPT 0.092 FSO3

� >10 000
AAZ 0.286 CS3

2� 3330
MZA 0.210 Et2NCS2

� 420
EZA 0.246 PF6

� >10 000
DZA 0.090 Triflate >10 000
�Mean from three different assays, by a stopped-flow technique (errors were in
the range of ±5–10% of the reported values).
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Vector construction, protein production, and purification

The same production procedure was followed both for the unsuc-
cessful production of the protein corresponding to UniProt
G4V6B2 and our amended sequence with a full-length last exon.
The amended sequence contains the modifications to C-terminus
as described above as well as the silent mutations to prevent
Rho-independent termination site forming, on the contrary, to the
unsuccessful production of the protein to which the sequence
was unmodified.

Since some coding genes may contain termination codes in
the middle of mRNA coding sequences and lead to early transcrip-
tion termination and the consequent production of immature
mRNA, a prediction approach was performed using ARNold
(http://rssf.i2bc.paris-saclay.fr/toolbox/arnold/) web tool56 to find
Rho-independent transcription termination sites on the SmaBCA
gene (NCBI gene ID: 8342150). To prevent the formation of imma-
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change the nucleotides of Rho-independent termination sites to
other nucleotides.
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(Invitrogen, Regensburg, Germany), where a modified plasmid vec-
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tions using Precision Plus ProteinTM Standards Dual Colour (Bio-
Rad Laboratories, Inc., Hercules, CA, USA) as a standard molecular
weight (MW) marker. The MW marker and bands were visualised
with PageBlueTM Protein Staining Solution (Thermo Fisher

Scientific) on the gel by letting the gel stain for 30min and then
washing with distilled water. The bands were confirmed to be
SmaBCA with mass spectrometry (data not shown).

CA enzyme activity and inhibition
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TRIS (VWR International) (pH 8.5) with 10 kDa VivaspinVR Turbo 15
centrifugal concentrators (SartoriusTM, G€ottingen, Germany) at
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measured using an Applied Photophysics stopped-flow instru-
ment.60 The measurement protocol was identical to the previously
described in Berrino et al.61

Results

To produce the recombinant protein of SmaBCA, an insert
sequence was retrieved from the National Centre of
Biotechnology Information (NCBI Reference Sequence: XM_
018793067.1). It was included in our construct because it was the
only b-CA of S. mansoni available in sequence databases in 2018
(also represented in UniProt protein entry G4V6B2). We did not
obtain any protein from recombinant production using this ori-
ginal sequence. Upon closer inspection, the sequence seemed to
have an incorrectly predicted splice site in the actual last exon,
joined to a superfluous exon, coding only for three residues
instead of extending the last exon up to a stop codon. The full-
length sequence for the last exon was discovered in the S. man-
soni genome by searching with other schistosomal b-CA sequen-
ces. The amended last exon coded for 28 additional amino acids
(aa), highly similar to the search query sequences. This sequence
also led to the successful production of the active enzyme
described in this study. A full-length sequence of SmaBCA was
added in UniProt after we had already produced our protein
(A0A3Q0KBP5, 13 February 2019). This sequence is probably
derived from a later genome version than ours (which came from
S. mansoni genome assembly ASM23792v2 as of 14 May 2018 at
metazoa.ensembl.org), and it differs by one amino acid substitu-
tion (N264D) from our sequence. This is a variable site even within
Schistosoma species (Figure 2).

Our analysis also revealed that the SmaBCA gene sequence
contains a Rho-independent transcription termination site, a GC-
rich area in the sequence causing loop formation and detachment
of RNA polymerase, which introduces an early termination of tran-
scription in bacteria and consequently a non-functional messenger
RNA (mRNA) (Figure 3). To enable the recombinant production in
Escherichia coli, we chose to create single nucleotide mutations
in the coding sequence to disrupt base pairs in the stem (blue in
Figure 3) without any effect on the translated amino acid
sequence.

As a result of recombinant protein production, we obtained six
protein bands of �13, 22, 25, 29, 38, and 75 kDa in size (Figure 4).
All these bands represented different forms of SmaBCA as con-
firmed by mass spectrometry (data not shown). The calculated
molecular weight of the translated coding sequence is 30.4 kDa,
not accounting for any post-translational modifications.

Kinetic analysis of SmaBCA showed that the enzyme (with His-
tag) is moderately active with kcat 1.38� 105 s�1, Km 5.92mM, and
kcat/Km 2.33� 107 M�1 s�1. Several sulphonamide and anion inhib-
itors46,62,63 were tested to evaluate their inhibitory properties
against SmaBCA. The most efficient inhibitors showed submicro-
molar or nanomolar inhibitory effects on SmaBCA (Table 1 and
Figure 5). The most efficient inhibitor with a KI of 43.8 nM was
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4-(2-amino-pyrimidine-4-yl)-benzenesulfonamide (compound 19).
Other effective inhibitors included several clinically used drugs.
Benzolamide (BZA), brinzolamide (BRZ), topiramate (TPM), dorzola-
mide (DZA), saccharin (SAC), epacadostat (EPT), celecoxib (CLX),
and famotidine (FAM) showed KIs in the range of 79.4–95.9 nM.
The other tested compounds inhibited SmaBCA at micromolar or
millimolar concentrations.

Our protein sequence was aligned with b-CA sequences of
other Schistosoma species, as shown in Figure 2. All these sequen-
ces are highly similar, with identities to the protein of this study
ranging from 75.6 to 86.8 %. The identity percentages are even
higher in the protein core and in the active site, which suggests
that any drugs developed to inhibit SmaBCA would also be inhibi-
tory for b-CAs of other Schistosoma species.

The sequence logo of Figure 6 extracts information from a
multiple sequence alignment (MSA) of 162 metazoan b-CA
sequences showing 19 perfectly conserved aa sites and 26 almost
conserved sites. Of course, we find highly conserved areas at the
motifs, which are part of the active site (CXDXR and HXXC), and

Figure 3. The coding sequence of the b-CA gene from S. mansoni. The predicted Rho-independent transcription termination site is marked in underlined blue and red
text in the sequence, and the corresponding Rho-independent stem-loop is shown on the right.

Figure 4. SDS-PAGE of b-CA of S. mansoni (SmaBCA) showing six polypeptide
bands confirmed to represent SmaBCA by mass-spectrometry (data not shown).
Right lane: The most intense bands of 25 and 29 kDa are the main forms of the
expressed protein, and the additional polypeptides either are degraded forms (13
and 22 kDa) or oligomers (38 and 75 kDa). Left lane: Standard molecular weight
(MW) markers in kDa.

Table 1. Inhibition data for SmaBCA with sulphonamide analogs 1–24, clinically
used compounds, and anions.

Compound
SmaBCA

Compound
SmaBCA

KI (mM)� KI (mM)�
1 1.830 BRZ 0.083
2 2.516 BZA 0.079
3 1.556 TPM 0.083
4 0.776 NO2

� >10 000
5 0.788 NO3

� 2270
6 0.327 HCO3

� 7840
7 0.872 CO3

2� 740
8 0.372 HSO3

� 4260
9 0.960 SO4

2� 3720
10 0.935 F� 6280
11 2.040 Cl� 2850
12 0.417 Br� 2840
13 0.314 I� 840
14 0.375 CNO� 890
15 0.982 SCN� 930
16 0.600 HS� 820
17 0.346 CN� 930
18 1.043 N3

� 800
19 0.044 Sulfamide 8
20 0.316 Sulfamic acid 40
21 0.255 Phenylarsonic acid 20
22 0.378 Phenylboronic acid 520
23 0.241 SnO3

2� 960
24 0.750 SeO4

2� 3490
SLP 0.254 TeO4

2� 4900
IND 0.812 OsO5

2� 580
ZNS 0.521 P2O7

2� >10 000
CLX 0.092 V2O7

2� >10 000
VLX 0.474 B4O7

2� 4300
SLT 0.758 ReO4

� 9090
SAC 0.091 RuO4

� 3650
HCT 0.918 S2O8

2� >10 000
FAM 0.096 SeCN� 220
DCP 0.545 NH(SO3)

2� >10 000
EPT 0.092 FSO3

� >10 000
AAZ 0.286 CS3

2� 3330
MZA 0.210 Et2NCS2

� 420
EZA 0.246 PF6

� >10 000
DZA 0.090 Triflate >10 000
�Mean from three different assays, by a stopped-flow technique (errors were in
the range of ±5–10% of the reported values).
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Figure 5. Chemical structures of sulphonamide (1–24) and sulphonamide/sulfamate derivatives (AAZ-EPT) tested as inhibitors against b-CA of Schistosoma mansoni
(SmaBCA) in this study.
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Figure 5. Continued.
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additionally, at columns 68–81 and 240–250. The gap region at
columns 151–168 in the MSA (Figure 6) is due to an insertion
seen only in Schistosoma sequences of our sequence set. The
entire MSA is provided as Supplementary File S1. More data is
available as noted in the Experimental procedures.

We built a computational 3D model of the SmaBCA dimer
using AlphaFold multimer. In this model, the alpha-helical seg-
ments in the N-terminus are positioned along the side of the
other monomer, similar to the dimers of Pisum sativum (pea) b-CA
(PDB 1ekj).64 These segments are also present in the AlphaFold
monomer model (https://alphafold.ebi.ac.uk/entry/A0A3Q0KBP5),
in which their position away from the core of the protein looks
odd, but in the dimer model (Figure 7) it makes perfect sense.
The orientation between the monomers in our model is nearly
identical to pea b-CA dimers (1ekj, e.g. chains C and D, data not
shown).

AlphaFold gives a confidence score (predicted local distance
difference test, pLDDT) to the position of each residue in the
model, pLDDT >90 indicating “very high confidence” and pLDDT
>70 “confident”. In our model, two regions (69–79 and 119–145)
have pLDDT values <70. They correspond to regions of low

conservation and insertions of variable lengths in our MSA of
metazoan b-CA sequences (columns 83–108 and 148–174 in
Figure 6). These two regions are also slightly different between
the AlphaFold database monomer model and our dimer model
(data not shown).

Discussion

Schistosomiasis causes high morbidity in tropical and subtropical
countries, and despite the treatment with praziquantel,65 the
infection remains a significant health problem.66 Unfortunately,
there are already initial signs of developing resistance against
praziquantel67 which emphasises the need for novel medication.
In this study, we cloned the SmaBCA and found many already
clinically used CA inhibitors with significant inhibitory effects
against SmaBCA.

SmaBCA has a similar distribution of bands in SDS-PAGE as
b-CAs from Entamoeba histolytica (EhiCA)58 and Trichomonas
vaginalis57 before His-tag removal: they all contain the major dual-
band at a size which is predicted according to the aa chain com-
position. However, the dual-band formation disappears from

Figure 6. Comparison of metazoan b-CA proteins. This sequence logo represents an MSA of 162 sequences, cropped at both ends to show only the extent of the
SmaBCA sequence. The height of each stack of letters represents the conservation (information content) of each column in the alignment. The width of the letters rep-
resents the number of non-gap characters in each column (i.e. very narrow letters indicate positions in which only few of the aligned proteins have any sequence).
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b-CAs of T. vaginalis as the His-tag is removed, contrary to EhiCA,
which retains the double band appearance after the cleavage of
His-tag.

SmaBCA shows enzyme activity with kcat 1.38� 105 s�1 and
kcat/Km 2.33� 107 M�1 s�1, within a similar range compared with
the b-CAs from T. vaginalis (kcat 4.9� 105 and kcat/Km 8.0� 107),57

Leishmania donovani chagasi (kcat 9.35� 105 s�1 and kcat/Km
5.9� 107 s�1M�1),68 Ascaris lumbricoides (kcat 6.0� 105 s�1, kcat/Km
4.3� 107 M�1 s�1),69 and EhiCA (kcat of 6.7� 105 s�1 and a kcat/Km
of 8.9� 107 M�1� s�1),58 demonstrating the possibly crucial role
in the metabolism of the organisms, as the magnitude of activity
is considered from moderate (SmaBCA) to high (b-CAs from T.
vaginalis, Leishmania donovani chagasi, Ascaris lumbricoides, and
EhiCA) compared to human CA I (moderate, kcat 2.0� 105 and
kcat/Km 5.0� 107), for instance.

Schistosomiasis and amoebiasis (intestinal infection caused by
E. histolytica) are endemic in the same areas of the world70 and
coinfections are not unusual71,,72 leading to the conclusion of
achievable benefits from treating the infections with only one
drug: less adverse side effects for the patient, better treatment
compliance, and lower costs for the society. SmaBCA and EhiCA
are both well-inhibited with many anion and sulphonamide deriv-
atives. The most effective ones for EhiCA are 4-hydroxymethy-
l/ethyl-benzenesulfonamides (compounds 16 and 17) with KI
values of 89 and 36 nM, respectively,63 with good inhibition activ-
ity against SmaBCA with KIs of 600 and 346 nM, respectively. They
are weak in inhibiting human CA II (KI of 125 nM) and almost inef-
ficient inhibitors of human CA I (KI of 21 mM),63 indicating a slight
parasite selectivity. This kind of inhibitors could potentially have
minimal side effects on humans. Other nanomolar range inhibitors
are 4-(2-aminoethyl)benzenesulfonamide (compound 6), 4-((2-

amino-4-pyrimidinyl)amino)benzenesulfonamide (compound 19),
and acetazolamide (AAZ) with KIs of 509–798 nM for EhiCA and KIs
of 44–286 nM for SmaBCA, from which acetazolamide is already in
clinical use.73–76 With low micromolar range are sulfamide and
phenylarsonic acid with KIs of 28–38 and 8–20 mM, for EhiCA and
SmaBCA, respectively. The many agents with good inhibitory
activity demonstrate the possibilities for developing CA inhibitors
as anti-parasitic drugs against both enzymes of these parasites.

Aa sequences of SmaBCA and b-CAs of other Schistosoma spe-
cies are highly similar, as shown by MSA (Figure 2). In particular,
the essential parts (the protein core and the active site) of the
b-CA sequences are highly conserved, hence, opening an exciting
opportunity to find functioning CA inhibitor-based drugs effective
against all the species as praziquantel nowadays is. To our know-
ledge, only one other Schistosoma species, S. japonicum, has had
its only b-CA produced as a recombinant protein previously.77

Cong-Hui et al. produced 38 kDa recombinant protein with CA
activity, but they did not make any comparison to b-CAs of other
Schistosoma species. S. mansoni and S. japonicum are genetically
distinct as they were separated as their own phylogenetic
branches �14 million years ago,78 and they are endemic in differ-
ent parts of the world: S. japonicum in South-East Asia and S. man-
soni mainly in Africa, South America, the Caribbean, and Middle
East, both causing similar intestinal infections.1,5 A new universal
anti-schistosomal agent could have clinical value in very large
areas covering most of the globe.

The b-CA of S. mansoni is a promising target for the develop-
ment of new anti-schistosomal drugs. In this study, we produced
a novel SmaBCA recombinant protein, tested it against different
CA inhibitors, leading to the discovery of several well-inhibiting
compounds, from which some are already used in treating other
conditions. Based on structural and sequence analyses, we also
propose that it is feasible to develop one universally functional
anti-parasitic drug against several Schistosoma species which could
also be effective against other parasites, such as Entamoeba
histolytica.
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additionally, at columns 68–81 and 240–250. The gap region at
columns 151–168 in the MSA (Figure 6) is due to an insertion
seen only in Schistosoma sequences of our sequence set. The
entire MSA is provided as Supplementary File S1. More data is
available as noted in the Experimental procedures.
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other monomer, similar to the dimers of Pisum sativum (pea) b-CA
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in which their position away from the core of the protein looks
odd, but in the dimer model (Figure 7) it makes perfect sense.
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identical to pea b-CA dimers (1ekj, e.g. chains C and D, data not
shown).
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infection remains a significant health problem.66 Unfortunately,
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b-CAs of T. vaginalis as the His-tag is removed, contrary to EhiCA,
which retains the double band appearance after the cleavage of
His-tag.

SmaBCA shows enzyme activity with kcat 1.38� 105 s�1 and
kcat/Km 2.33� 107 M�1 s�1, within a similar range compared with
the b-CAs from T. vaginalis (kcat 4.9� 105 and kcat/Km 8.0� 107),57

Leishmania donovani chagasi (kcat 9.35� 105 s�1 and kcat/Km
5.9� 107 s�1M�1),68 Ascaris lumbricoides (kcat 6.0� 105 s�1, kcat/Km
4.3� 107 M�1 s�1),69 and EhiCA (kcat of 6.7� 105 s�1 and a kcat/Km
of 8.9� 107 M�1� s�1),58 demonstrating the possibly crucial role
in the metabolism of the organisms, as the magnitude of activity
is considered from moderate (SmaBCA) to high (b-CAs from T.
vaginalis, Leishmania donovani chagasi, Ascaris lumbricoides, and
EhiCA) compared to human CA I (moderate, kcat 2.0� 105 and
kcat/Km 5.0� 107), for instance.

Schistosomiasis and amoebiasis (intestinal infection caused by
E. histolytica) are endemic in the same areas of the world70 and
coinfections are not unusual71,,72 leading to the conclusion of
achievable benefits from treating the infections with only one
drug: less adverse side effects for the patient, better treatment
compliance, and lower costs for the society. SmaBCA and EhiCA
are both well-inhibited with many anion and sulphonamide deriv-
atives. The most effective ones for EhiCA are 4-hydroxymethy-
l/ethyl-benzenesulfonamides (compounds 16 and 17) with KI
values of 89 and 36 nM, respectively,63 with good inhibition activ-
ity against SmaBCA with KIs of 600 and 346 nM, respectively. They
are weak in inhibiting human CA II (KI of 125 nM) and almost inef-
ficient inhibitors of human CA I (KI of 21 mM),63 indicating a slight
parasite selectivity. This kind of inhibitors could potentially have
minimal side effects on humans. Other nanomolar range inhibitors
are 4-(2-aminoethyl)benzenesulfonamide (compound 6), 4-((2-

amino-4-pyrimidinyl)amino)benzenesulfonamide (compound 19),
and acetazolamide (AAZ) with KIs of 509–798 nM for EhiCA and KIs
of 44–286 nM for SmaBCA, from which acetazolamide is already in
clinical use.73–76 With low micromolar range are sulfamide and
phenylarsonic acid with KIs of 28–38 and 8–20 mM, for EhiCA and
SmaBCA, respectively. The many agents with good inhibitory
activity demonstrate the possibilities for developing CA inhibitors
as anti-parasitic drugs against both enzymes of these parasites.

Aa sequences of SmaBCA and b-CAs of other Schistosoma spe-
cies are highly similar, as shown by MSA (Figure 2). In particular,
the essential parts (the protein core and the active site) of the
b-CA sequences are highly conserved, hence, opening an exciting
opportunity to find functioning CA inhibitor-based drugs effective
against all the species as praziquantel nowadays is. To our know-
ledge, only one other Schistosoma species, S. japonicum, has had
its only b-CA produced as a recombinant protein previously.77

Cong-Hui et al. produced 38 kDa recombinant protein with CA
activity, but they did not make any comparison to b-CAs of other
Schistosoma species. S. mansoni and S. japonicum are genetically
distinct as they were separated as their own phylogenetic
branches �14 million years ago,78 and they are endemic in differ-
ent parts of the world: S. japonicum in South-East Asia and S. man-
soni mainly in Africa, South America, the Caribbean, and Middle
East, both causing similar intestinal infections.1,5 A new universal
anti-schistosomal agent could have clinical value in very large
areas covering most of the globe.

The b-CA of S. mansoni is a promising target for the develop-
ment of new anti-schistosomal drugs. In this study, we produced
a novel SmaBCA recombinant protein, tested it against different
CA inhibitors, leading to the discovery of several well-inhibiting
compounds, from which some are already used in treating other
conditions. Based on structural and sequence analyses, we also
propose that it is feasible to develop one universally functional
anti-parasitic drug against several Schistosoma species which could
also be effective against other parasites, such as Entamoeba
histolytica.
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A B S T R A C T

Acanthamoeba keratitis is a devastating infectious disease of the cornea caused by an opportunistic amoeba,
Acanthamoeba castellanii. It is poorly recognized, and diagnostic delays can lead to irreversible damage to
the vision. The gold standard for diagnosis has been a sample culture that lasts approximately 2 weeks. Nev-
ertheless, the essence of time has led to the need for an accurate and fast technique to detect A. castellanii
from a sample. We developed both traditional and quantitative real-time-PCR-based methods to detect A.
castellanii in less than 3 hours and with the sensitivity of one amoeba. Diagnostic laboratories can select the
best-suited method for their purposes from 2 comparable methods. The correct treatment can be initiated
from the emergency room when the diagnosis has been made quickly within a few hours, hence saving the
patient from long-term complications.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Corneal opacity causes 1.5 to 2 million cases of new monocular
blindness per year (WHO). The leading cause of opacity is infectious
keratitis (bacterial, viral, fungal, amoebae), with an incidence of 2.5
to 799 infections per 100,000 [1,2]. Different bacteria are the most
common cause of infectious keratitis in general; however, Acantha-
moeba infections are responsible for 1.96% to 12.5% of infectious kera-
titis in contact lens wearers [3].

Acanthamoeba castellanii is an opportunistic pathogenic amoeba
found in soil and water worldwide. It commonly causes keratitis and,
in rare cases, can cause invasive infections, such as granulomatous
amoebic encephalitis (GAE). Acanthamoeba keratitis (AK) is a sight-
threatening and poorly recognized condition with only moderately
effective treatment options [4,5]. In particular, wearing contact lenses
when swimming in natural waters is considered a high-risk activity.
Other risk factors for catching AK are negligence in hygiene when
handling eye contact lenses, usage of ophthalmic corticosteroids [6],
and perioperative period of ophthalmic operations [4]. There are over
150 million contact lens wearers globally [7], and the yearly sale of
contact lenses is approximately 10.1 billion USD emphasizing the
vast part of the population belonging to the risk group [8].

In clinical examination, AK resembles viral, bacterial, and fungal
keratitis [9−11]. The gold standard for diagnosing AK is culturing the

corneal swab sample for approximately 2 weeks [9]. Specialized cen-
ters use confocal microscopy, which, when in capable hands, has
good sensitivity and specificity; nonetheless, the need for experi-
enced microscopists and equipment limits the usefulness of the
method [12]. New approaches based on gene multiplication and
detection has been developed, but they have yet to reach widespread
use in clinical diagnostics [4,13].

A. castellanii has 8 carbonic anhydrases (CAs, EC 4.2.1.1) belonging
to 3 different evolutional families: 3 a-, 3 b- and 2 g-CAs [14,15]. To
date, 8 different families of CAs have been recognized in different
organisms [16,17], yet the human genome only contains enzymes
belonging to 1 family, a-CAs [17]. CAs are metalloproteases with vari-
ous roles in fundamental physiological processes in almost all living
organisms. CAs catalyze the reversible hydration of carbon dioxide
and, for instance, participate in maintaining acid-base homeostasis
[18,19]. Recognition of CA-genes of parasites from a sample is arising
as a tool to detect different parasites, for example, finding the trichi-
nosis-causing parasite Trichinella spiralis frommeat samples [20].

Due to the diagnostic challenges, the diagnosis of AK is often
delayed, and up to two-thirds of the patients are initially treated
with antibacterial eyedrops and the same number with antiviral
medication [21]. The approximate delay of the correct diagnosis is
39 days [21]. This emphasizes the need for a sensitive and rapid diag-
nostic method to optimally provide the result during the patient’s
visit to the emergency room. In this article, we describe a novel rapid
and sensitive PCR-based method and a quantitative real-time PCR
(qRT‒PCR) method for detecting the b- and g-CA genes of A.
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castellanii. We consider these methods promising tools for clinical
diagnostics of AK from biological samples containing amoebas with
no unspecific signal from the human genome.

2. Materials and methods

2.1. Culture initiation and maintenance

The axenic A. castellanii (ATCC � 30010TM) culture was initiated
and maintained in T 25 tissue culture flasks (Thermo Fischer Scien-
tific, Waltham, MA, USA) in ATCC Medium 712: PYG (proteose pep-
tone, yeast and glucose) with additives (Sigma‒Aldrich, St. Louis, MO,
USA) according to the recommendation of the cell provider. The cells
were cultured at +25°C with constant temperature monitoring to
ensure stable growth conditions. To maintain the culture, the
medium was changed twice a week.

2.2. Collecting and lysing the samples

Initially, genomic DNA was isolated from amoeba culture with a
NucleoSpin Tissue Kit (Macherey-Nagel, D€uren, Germany) according
to the manufacturer’s instructions. Consequently, the isolated DNA,
concentration measured with Thermo ScientificTM NanoDropTM One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific),
was used in testing the primers and optimizing the PCR protocol.

Specific numbers of amoebae were collected in vision control with
a light microscope. A borosilicate needle was used to collect the
desired number of trophozoites and/or cysts from a petri dish with
amoebae in the medium. Approximately 1.2 to 3.5 mL of culture
media was contained in 1 amoeba sample. The collected sample was
transferred to 100 mL DirectPCR Lysis Reagent (Tail) (Nordic BioSite,
T€aby, Sverige). Three microliters of proteinase K (20 mg/mL,
Macherey-Nagel) were added to the reaction, and the tube was
placed in an incubator at +55°C and shook at 200 rpm for 30 minutes.
The lysis reaction was terminated by transferring the tube to a heat-
ing block at +85°C for 50 minutes.

Human cell samples were collected from buccal mucosa swab sam-
ples. They were compiled with sterile loops, which were subsequently

dipped in 100 ml DirectPCR Lysis Reagent (Tail) (Nordic BioSite, T€aby,
Sverige) and thawed. Loops were removed and discarded. As described
above, the desired numbers of amoebae were added to the tubes with
3mL Proteinase K (20 mg/mL, Macherey-Nagel). The lysis reaction was
performed similarly to the samples with amoebae only.

2.3. Primer design

Primers for traditional and qRT‒PCR were designed using the NCBI
Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/
). The most promising primers were selected, manually inspected, and
modified to improve their performance. As a result, we obtained 21
and 5 primer pairs for traditional and qRT‒PCR, respectively (Table 1).

2.4. Traditional PCR method

The study involved 2 consecutive phases of PCR. First, the crude
exclusion of nonworking primers was performed with PCR 1 accord-
ing to the manufacturer’s manual of the master mix 2 x Phusion Flash
High Fidelity (Thermo Fischer Scientific, Waltham, MA, USA) with
46.7 ng of isolated genomic DNA per reaction. The non-working pri-
mers were excluded, and the functioning primers were chosen for
further processes. The amount of genomic DNA was reduced to
2.3 ng per reaction, and again, the nonfunctional primers were
excluded. PCR assay 1 was performed with a thermocycler according
to the manufacturer’s protocol except for 35 cycles and an annealing
temperature of +65°C.

In the second phase, we used lysis samples as the template. PCR
mix 2 had the same composition as PCR mix 1 apart from 2 mL of a
lysed sample as template DNA. There were 6 lysis samples: 1 tropho-
zoite, 1 cyst, 10 amoebae (5 cysts and 5 trophozoites), buccal mucosa,
buccal mucosa, and amoebae combined, and hundreds of amoebae. A
reaction mix with 2mL of H2O as a sample was used as a negative con-
trol. The PCR assay 2 was optimized from the basis of PCR assay 1 as a
result of the functioning method in a thermocycler with 38 cycles and
an annealing temperature of +67°C. The PCR product was visualized
in 1.6% agarose gel (Meridian Bioscience Inc., Cincinnati, OH, USA)

Table 1
21 and 5 primer pairs for traditional PCR and qRT‒PCR, respectively, constructed for the development of the diagnostic tool. The final primer pairs used in the diagnostic tool are
underlined. The primer pair for the reference gene (RG) used in qRT‒PCR is also shown.

Primer pair Forward (50 - 30) Reverse (50 - 30) Target gene (Entry ID) Product length (bp)

bCA_1 AAACATTGCCAACACGGTCG GGTCAGAGATCGTACGCCAG mitBCA (L8GR38) 326
bCA_2 CTGGCGTACGATCTCTGACC AAGGGTCTCCTACCTCGGAC mitBCA (L8GR38) 332
bCA_3 TTCCTAATGACGCGGACAGG GCAAAGGGTCTCCTACCTCG mitBCA (L8GR38) 249
bCA_4 AAAGCTGGTACTCACCTGCC AGGTAGTACTCGGCCGTCAT cpBCA (L8GLS7) 476
bCA_5 ATCTTTGACGAGGGCATGGG AGAAGGAGGTGTACGGACCT cpBCA (L8GLS7) 623
bCA_6 TAATCTGGGTCGGTTCGTGC TGGGAGAAGGAGGTGTACGG cpBCA (L8GLS7) 418
bCA_7 CCGGAGCTCATCTTTGACGA GAGAAGGAGGTGTACGGACC cpBCA (L8GLS7) 633
bCA_8 CGAACCACTGTATGGGCTGT GAGCGAAAGCGATGAGGGAT tmBCA (L8H861) 310
bCA_9 CCTCCCTGGTTGATTCTCGG CCGGTCTGATGAGCCACTTC tmBCA (L8H861) 499
bCA_10 CGGTACCCTACATTCCCCGA CACCAGAGCTGAGGCAGTAG tmBCA (L8H861) 352
bCA_11 CGTCAGGTACTCCATCAGGG GGCAGGATCTTAGCCACGAG tmBCA (L8H861) 358
bCA_12 GTGTGACGTGGAACTTGCTG GCGAAAGCGATGAGGGATAGA tmBCA (L8H861) 395
bCA_13 CAGTGTGACGTGGAACTTGC GAGCGAAAGCGATGAGGGATA tmBCA (L8H861) 399
aCA_1 GTGATACCACGCAACGCATC CCAACCAACACACACACGAC aCA (L8GPJ9) 472
aCA_2 TTGCAAGTTCATCAGCACGC TCTTTGGGTAGGAAAGCCCC aCA (L8H518) 476
aCA_3 CACACCTCGAAGAAGCAGGT GAAAGGGGTGGGTACCGTG aCA (L8GXK3) 440
aCA_4 CGGTACCCACCCCTTTCCTC CCACGAAGATCCAGCCTAGC aCA (L8GXK3) 326
gCA_1 TGCGACATGTAGGACGGAAC TGGGCGATGAAAGATGGACG gCA (L8HK20) 671
gCA_2 GATCGTTGGCCACTGGGTTA TGACAAAAAGCTGCGTGTGG gCA (L8HK20) 645
gCA_3 GCCTGTACGATAAGCAGCCT GAACGATAACAACGCGGGG gCA (L8GFM8) 579
gCA_4 GTGGGCAAGAAGAGCTCCAT GCACACGTCAGCCACTGTAT gCA (L8GFM8) 419
qgCA_1 CAACAAGCACACTACGCTGG GTCATACCAGACGGAGGCAC gCA (L8HK20) 130
qgCA_2 CCACTGGGTTACCATCGGTC CACCAAGGATGGAGTGCGAT gCA (L8HK20) 125
qbCA_1 GCAGGAACCTCAAGGACGAA GCTTACGGCAGCAGTGTTTT mitBCA (L8GR38) 128
qbCA_2 GCTTGCTTCCTCCATCTCCC GTGCTGTGAAGGGGTGAAGA mitBCA (L8GR38) 96
qbCA_3 TTCCTAATGACGCGGACAGG GAAAACGTTCGCGCTCTTCC mitBCA (L8GR38) 125
18S900 (RG) GCCCAGATCGTTTACCGTGA CATTACCCTAGTCCTCGCG 18s rRNA (L8GGJ8) 148
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with 0.5 mL of Midori Green (Nippon Genetics Europe GmbH, D€uren,
Germany) at 105 V for 60 minutes. The picture of the gel was taken
with Image LabTM Software (version 6.0, 2017, Bio-Rad Laboratories
Inc., Hercules, CA, USA) with GelGreen protocol and otherwise default
settings but inverted colors. The obtained gel bands were confirmed
using Sanger sequencing by the Tampere Genomics Facility.

2.5. qRT‒PCR method

We designed qRT‒PCR primers with the NCBI Primer-BLAST tool, as
described above. As a reference gene, we used primer pair 18S900
from the 18S rRNA gene, as recommended in K€ohsler et al. [22]
(Table 1). qRT‒PCR was performed in a MicroAmpTM Optical 96-Well
Reaction Plate with Barcode (Applied BiosystemsTM, Thermo Fischer
Scientific) with the reaction mix recommended by the manufacturer
of PowerUpTM SYBRTM Green Master Mix (Applied BiosystemsTM,
Thermo Fischer Scientific). The isolated genomic DNA had varying con-
centrations between 0.001 ng/mL and 100 ng/mL per well. Instead of a
DNA sample, we used 1 mL of H2O for the no template control and 1
mL of the isolated human genome from buccal mucosa (8.4 ng/ml) for
the negative control. The assay was run with a QuantStudio 12K Flex
Real-Time PCR System (Applied BiosystemsTM, Thermo Fischer Scien-
tific) with the program recommended by the manufacturer of the mas-
ter mix with an annealing and extension temperature of +62°C. Due to
the lack of clinical samples, we only generated a standard curve.

3. Results and discussion

We aimed to improve the time-consuming and challenging diag-
nosis of AK by developing ultrasensitive and rapid diagnostic meth-
ods based on both traditional PCR and qRT‒PCR (Fig. 1).

For traditional PCR, we identified three equally rapid, sensitive, and
accurate primer pairs with the same PCR protocol, hence providing
three alternative pairs to use (Table 1). All three primer pairs can
detect amoebae from a sample ranging from only one cyst or tropho-
zoite to many thousands without unspecific amplification of human
genes (Fig. 2). They can also be used in parallel PCR to verify the
achieved result. The protocol includes only five simple steps (Fig. 1)
and gives the result in less than three hours. The protocol in traditional
PCR can be performed in any diagnostic laboratory without requiring
special laboratory equipment. Two primer pairs detected mitochon-
drial b-CA (Entry ID L8GR38) and one g-CA (Entry ID L8HK20).

In qRT‒PCR, both primer pairs (Table 1) were found to detect A.
castellanii from a sample with only 0.01 ng of the genome. The whole
genome of A. castellanii is 42.02 Mb [23] equivalent to 1.9 ng, indicat-
ing that the method can recognize only 1 amoeba from a sample.
DNA isolation takes approximately 30 minutes, and qRT‒PCR takes
1.25 hours. Depending on the pipetting method, the duration from

Fig. 1. The workflow for performing PCR (above) and qRT‒PCR (below).

Fig. 2. Traditional PCR results of all three primer pairs used in the diagnostic method
visualized in agarose gel (figure cropped with Image LabTM Software [version 6.0]) .
A 1 kbp ladder was used as a standard marker. The lines were assigned as follows: 1)
one cyst; 2) one trophozoite; 3) 10 amoebae; 4) buccal mucosa; 5) buccal mucosa and
amoebae; 6) hundreds of amoebae; 7) negative control
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castellanii. We consider these methods promising tools for clinical
diagnostics of AK from biological samples containing amoebas with
no unspecific signal from the human genome.

2. Materials and methods

2.1. Culture initiation and maintenance

The axenic A. castellanii (ATCC � 30010TM) culture was initiated
and maintained in T 25 tissue culture flasks (Thermo Fischer Scien-
tific, Waltham, MA, USA) in ATCC Medium 712: PYG (proteose pep-
tone, yeast and glucose) with additives (Sigma‒Aldrich, St. Louis, MO,
USA) according to the recommendation of the cell provider. The cells
were cultured at +25°C with constant temperature monitoring to
ensure stable growth conditions. To maintain the culture, the
medium was changed twice a week.

2.2. Collecting and lysing the samples

Initially, genomic DNA was isolated from amoeba culture with a
NucleoSpin Tissue Kit (Macherey-Nagel, D€uren, Germany) according
to the manufacturer’s instructions. Consequently, the isolated DNA,
concentration measured with Thermo ScientificTM NanoDropTM One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific),
was used in testing the primers and optimizing the PCR protocol.

Specific numbers of amoebae were collected in vision control with
a light microscope. A borosilicate needle was used to collect the
desired number of trophozoites and/or cysts from a petri dish with
amoebae in the medium. Approximately 1.2 to 3.5 mL of culture
media was contained in 1 amoeba sample. The collected sample was
transferred to 100 mL DirectPCR Lysis Reagent (Tail) (Nordic BioSite,
T€aby, Sverige). Three microliters of proteinase K (20 mg/mL,
Macherey-Nagel) were added to the reaction, and the tube was
placed in an incubator at +55°C and shook at 200 rpm for 30 minutes.
The lysis reaction was terminated by transferring the tube to a heat-
ing block at +85°C for 50 minutes.

Human cell samples were collected from buccal mucosa swab sam-
ples. They were compiled with sterile loops, which were subsequently

dipped in 100 ml DirectPCR Lysis Reagent (Tail) (Nordic BioSite, T€aby,
Sverige) and thawed. Loops were removed and discarded. As described
above, the desired numbers of amoebae were added to the tubes with
3mL Proteinase K (20 mg/mL, Macherey-Nagel). The lysis reaction was
performed similarly to the samples with amoebae only.

2.3. Primer design

Primers for traditional and qRT‒PCR were designed using the NCBI
Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/
). The most promising primers were selected, manually inspected, and
modified to improve their performance. As a result, we obtained 21
and 5 primer pairs for traditional and qRT‒PCR, respectively (Table 1).

2.4. Traditional PCR method

The study involved 2 consecutive phases of PCR. First, the crude
exclusion of nonworking primers was performed with PCR 1 accord-
ing to the manufacturer’s manual of the master mix 2 x Phusion Flash
High Fidelity (Thermo Fischer Scientific, Waltham, MA, USA) with
46.7 ng of isolated genomic DNA per reaction. The non-working pri-
mers were excluded, and the functioning primers were chosen for
further processes. The amount of genomic DNA was reduced to
2.3 ng per reaction, and again, the nonfunctional primers were
excluded. PCR assay 1 was performed with a thermocycler according
to the manufacturer’s protocol except for 35 cycles and an annealing
temperature of +65°C.

In the second phase, we used lysis samples as the template. PCR
mix 2 had the same composition as PCR mix 1 apart from 2 mL of a
lysed sample as template DNA. There were 6 lysis samples: 1 tropho-
zoite, 1 cyst, 10 amoebae (5 cysts and 5 trophozoites), buccal mucosa,
buccal mucosa, and amoebae combined, and hundreds of amoebae. A
reaction mix with 2mL of H2O as a sample was used as a negative con-
trol. The PCR assay 2 was optimized from the basis of PCR assay 1 as a
result of the functioning method in a thermocycler with 38 cycles and
an annealing temperature of +67°C. The PCR product was visualized
in 1.6% agarose gel (Meridian Bioscience Inc., Cincinnati, OH, USA)

Table 1
21 and 5 primer pairs for traditional PCR and qRT‒PCR, respectively, constructed for the development of the diagnostic tool. The final primer pairs used in the diagnostic tool are
underlined. The primer pair for the reference gene (RG) used in qRT‒PCR is also shown.

Primer pair Forward (50 - 30) Reverse (50 - 30) Target gene (Entry ID) Product length (bp)

bCA_1 AAACATTGCCAACACGGTCG GGTCAGAGATCGTACGCCAG mitBCA (L8GR38) 326
bCA_2 CTGGCGTACGATCTCTGACC AAGGGTCTCCTACCTCGGAC mitBCA (L8GR38) 332
bCA_3 TTCCTAATGACGCGGACAGG GCAAAGGGTCTCCTACCTCG mitBCA (L8GR38) 249
bCA_4 AAAGCTGGTACTCACCTGCC AGGTAGTACTCGGCCGTCAT cpBCA (L8GLS7) 476
bCA_5 ATCTTTGACGAGGGCATGGG AGAAGGAGGTGTACGGACCT cpBCA (L8GLS7) 623
bCA_6 TAATCTGGGTCGGTTCGTGC TGGGAGAAGGAGGTGTACGG cpBCA (L8GLS7) 418
bCA_7 CCGGAGCTCATCTTTGACGA GAGAAGGAGGTGTACGGACC cpBCA (L8GLS7) 633
bCA_8 CGAACCACTGTATGGGCTGT GAGCGAAAGCGATGAGGGAT tmBCA (L8H861) 310
bCA_9 CCTCCCTGGTTGATTCTCGG CCGGTCTGATGAGCCACTTC tmBCA (L8H861) 499
bCA_10 CGGTACCCTACATTCCCCGA CACCAGAGCTGAGGCAGTAG tmBCA (L8H861) 352
bCA_11 CGTCAGGTACTCCATCAGGG GGCAGGATCTTAGCCACGAG tmBCA (L8H861) 358
bCA_12 GTGTGACGTGGAACTTGCTG GCGAAAGCGATGAGGGATAGA tmBCA (L8H861) 395
bCA_13 CAGTGTGACGTGGAACTTGC GAGCGAAAGCGATGAGGGATA tmBCA (L8H861) 399
aCA_1 GTGATACCACGCAACGCATC CCAACCAACACACACACGAC aCA (L8GPJ9) 472
aCA_2 TTGCAAGTTCATCAGCACGC TCTTTGGGTAGGAAAGCCCC aCA (L8H518) 476
aCA_3 CACACCTCGAAGAAGCAGGT GAAAGGGGTGGGTACCGTG aCA (L8GXK3) 440
aCA_4 CGGTACCCACCCCTTTCCTC CCACGAAGATCCAGCCTAGC aCA (L8GXK3) 326
gCA_1 TGCGACATGTAGGACGGAAC TGGGCGATGAAAGATGGACG gCA (L8HK20) 671
gCA_2 GATCGTTGGCCACTGGGTTA TGACAAAAAGCTGCGTGTGG gCA (L8HK20) 645
gCA_3 GCCTGTACGATAAGCAGCCT GAACGATAACAACGCGGGG gCA (L8GFM8) 579
gCA_4 GTGGGCAAGAAGAGCTCCAT GCACACGTCAGCCACTGTAT gCA (L8GFM8) 419
qgCA_1 CAACAAGCACACTACGCTGG GTCATACCAGACGGAGGCAC gCA (L8HK20) 130
qgCA_2 CCACTGGGTTACCATCGGTC CACCAAGGATGGAGTGCGAT gCA (L8HK20) 125
qbCA_1 GCAGGAACCTCAAGGACGAA GCTTACGGCAGCAGTGTTTT mitBCA (L8GR38) 128
qbCA_2 GCTTGCTTCCTCCATCTCCC GTGCTGTGAAGGGGTGAAGA mitBCA (L8GR38) 96
qbCA_3 TTCCTAATGACGCGGACAGG GAAAACGTTCGCGCTCTTCC mitBCA (L8GR38) 125
18S900 (RG) GCCCAGATCGTTTACCGTGA CATTACCCTAGTCCTCGCG 18s rRNA (L8GGJ8) 148
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with 0.5 mL of Midori Green (Nippon Genetics Europe GmbH, D€uren,
Germany) at 105 V for 60 minutes. The picture of the gel was taken
with Image LabTM Software (version 6.0, 2017, Bio-Rad Laboratories
Inc., Hercules, CA, USA) with GelGreen protocol and otherwise default
settings but inverted colors. The obtained gel bands were confirmed
using Sanger sequencing by the Tampere Genomics Facility.

2.5. qRT‒PCR method

We designed qRT‒PCR primers with the NCBI Primer-BLAST tool, as
described above. As a reference gene, we used primer pair 18S900
from the 18S rRNA gene, as recommended in K€ohsler et al. [22]
(Table 1). qRT‒PCR was performed in a MicroAmpTM Optical 96-Well
Reaction Plate with Barcode (Applied BiosystemsTM, Thermo Fischer
Scientific) with the reaction mix recommended by the manufacturer
of PowerUpTM SYBRTM Green Master Mix (Applied BiosystemsTM,
Thermo Fischer Scientific). The isolated genomic DNA had varying con-
centrations between 0.001 ng/mL and 100 ng/mL per well. Instead of a
DNA sample, we used 1 mL of H2O for the no template control and 1
mL of the isolated human genome from buccal mucosa (8.4 ng/ml) for
the negative control. The assay was run with a QuantStudio 12K Flex
Real-Time PCR System (Applied BiosystemsTM, Thermo Fischer Scien-
tific) with the program recommended by the manufacturer of the mas-
ter mix with an annealing and extension temperature of +62°C. Due to
the lack of clinical samples, we only generated a standard curve.

3. Results and discussion

We aimed to improve the time-consuming and challenging diag-
nosis of AK by developing ultrasensitive and rapid diagnostic meth-
ods based on both traditional PCR and qRT‒PCR (Fig. 1).

For traditional PCR, we identified three equally rapid, sensitive, and
accurate primer pairs with the same PCR protocol, hence providing
three alternative pairs to use (Table 1). All three primer pairs can
detect amoebae from a sample ranging from only one cyst or tropho-
zoite to many thousands without unspecific amplification of human
genes (Fig. 2). They can also be used in parallel PCR to verify the
achieved result. The protocol includes only five simple steps (Fig. 1)
and gives the result in less than three hours. The protocol in traditional
PCR can be performed in any diagnostic laboratory without requiring
special laboratory equipment. Two primer pairs detected mitochon-
drial b-CA (Entry ID L8GR38) and one g-CA (Entry ID L8HK20).

In qRT‒PCR, both primer pairs (Table 1) were found to detect A.
castellanii from a sample with only 0.01 ng of the genome. The whole
genome of A. castellanii is 42.02 Mb [23] equivalent to 1.9 ng, indicat-
ing that the method can recognize only 1 amoeba from a sample.
DNA isolation takes approximately 30 minutes, and qRT‒PCR takes
1.25 hours. Depending on the pipetting method, the duration from

Fig. 1. The workflow for performing PCR (above) and qRT‒PCR (below).

Fig. 2. Traditional PCR results of all three primer pairs used in the diagnostic method
visualized in agarose gel (figure cropped with Image LabTM Software [version 6.0]) .
A 1 kbp ladder was used as a standard marker. The lines were assigned as follows: 1)
one cyst; 2) one trophozoite; 3) 10 amoebae; 4) buccal mucosa; 5) buccal mucosa and
amoebae; 6) hundreds of amoebae; 7) negative control
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sample collection to result is approximately 2.5 to 3 hours: the same
range as the traditional PCR method.

Several diagnostic methods based on PCR have been developed;
however, they have limitations, for instance, time-consuming proce-
dures, the need for DNA isolation before PCR, and a limited ability to
detect no less than 10 amoebae in a sample [24−26]. Previously pre-
sented most commonly used PCR methods are qRT‒PCR or isothermal
loop-mediated amplification [27,28] and were designed to detect the
18S ribosomal RNA gene [28]. Previously presented DNA amplification
directly from a smear sample was at least as fast as our method and
has no requirement for DNA isolation, yet, they do not state the lowest
number of amoebae detected or whether they can recognize cysts [13].

At least six commercially available diagnostic kits for detecting AK
are all intended for research purposes only. “Acanthamoeba_spp 18S
ribosomal RNA (18S) gene” (Genesig, Primerdesign, Chandler’s Ford,
UK), “Acanthamoeba castellanii Real-time PCR Kit” (Nzytech, Lisbon,
Portugal), “ParoReal Kit Acanthamoeba” (Ingenetix, Wien, Austria)
and “HumPCRTMAcanthamoeba Detection Kit and HumqPCR-real-
timeTM Acanthamoeba Real-Time PCR Kit” (Bioingentech Ltd., Con-
cepci�on, Bío Bío, Chile) provide 18S ribosomal RNA gene -detection
based kits; “TechneTM PrimePRO QPCR DNA detection Kit, All Acan-
thamoeba species” (Thermo Fisher Scientific) does not provide fur-
ther information on the target gene. They require DNA isolation, and
none of the kits provide instructions for performing isolation. They
are also more time-consuming than either of our methods; the fastest
one promises results in five hours at the minimum. Five are based on
quantitative real-time PCR, and the sixth, “HumPCRTMAcanthamoeba
Detection Kit”, uses traditional PCR as our first PCR method. Our qRT‒
PCR method also requires DNA isolation before the reaction, for
which we recommend a commercially available kit. In contrast, our
traditional PCR method does not require DNA isolation, removing
one error-sensitive step from the protocol.

To summarize, we developed 2 PCR-based methods to detect A.
castellanii parasites in less than 3 hours, enabling faster diagnosis and
initiation of treatment from the emergency room visit. More rapid
diagnosis also hinders unnecessary treatment starting with a suspi-
cion of AK, and thus, treatment-related harmful side effects can be
avoided. We only had samples from cultured parasites, and the nega-
tive control sample was a buccal mucosa sample from a healthy vol-
unteer; thus, our method needs further testing with clinical samples.
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sample collection to result is approximately 2.5 to 3 hours: the same
range as the traditional PCR method.

Several diagnostic methods based on PCR have been developed;
however, they have limitations, for instance, time-consuming proce-
dures, the need for DNA isolation before PCR, and a limited ability to
detect no less than 10 amoebae in a sample [24−26]. Previously pre-
sented most commonly used PCR methods are qRT‒PCR or isothermal
loop-mediated amplification [27,28] and were designed to detect the
18S ribosomal RNA gene [28]. Previously presented DNA amplification
directly from a smear sample was at least as fast as our method and
has no requirement for DNA isolation, yet, they do not state the lowest
number of amoebae detected or whether they can recognize cysts [13].

At least six commercially available diagnostic kits for detecting AK
are all intended for research purposes only. “Acanthamoeba_spp 18S
ribosomal RNA (18S) gene” (Genesig, Primerdesign, Chandler’s Ford,
UK), “Acanthamoeba castellanii Real-time PCR Kit” (Nzytech, Lisbon,
Portugal), “ParoReal Kit Acanthamoeba” (Ingenetix, Wien, Austria)
and “HumPCRTMAcanthamoeba Detection Kit and HumqPCR-real-
timeTM Acanthamoeba Real-Time PCR Kit” (Bioingentech Ltd., Con-
cepci�on, Bío Bío, Chile) provide 18S ribosomal RNA gene -detection
based kits; “TechneTM PrimePRO QPCR DNA detection Kit, All Acan-
thamoeba species” (Thermo Fisher Scientific) does not provide fur-
ther information on the target gene. They require DNA isolation, and
none of the kits provide instructions for performing isolation. They
are also more time-consuming than either of our methods; the fastest
one promises results in five hours at the minimum. Five are based on
quantitative real-time PCR, and the sixth, “HumPCRTMAcanthamoeba
Detection Kit”, uses traditional PCR as our first PCR method. Our qRT‒
PCR method also requires DNA isolation before the reaction, for
which we recommend a commercially available kit. In contrast, our
traditional PCR method does not require DNA isolation, removing
one error-sensitive step from the protocol.

To summarize, we developed 2 PCR-based methods to detect A.
castellanii parasites in less than 3 hours, enabling faster diagnosis and
initiation of treatment from the emergency room visit. More rapid
diagnosis also hinders unnecessary treatment starting with a suspi-
cion of AK, and thus, treatment-related harmful side effects can be
avoided. We only had samples from cultured parasites, and the nega-
tive control sample was a buccal mucosa sample from a healthy vol-
unteer; thus, our method needs further testing with clinical samples.
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ABSTRACT: Acanthamoeba castellanii is an amoeba that inhabits soil and water in every part of the world. Acanthamoeba 
infection of the eye causes keratitis and can lead to loss of vision. Current treatment options are only moderately effective, 
have multiple harmful side effects, and are tedious. In our study, we developed a novel drug screening method to define the 
inhibitory properties of potential new drugs against A. castellanii in vitro. We found that the clinically used carbonic anhydrase 
inhibitors, acetazolamide, ethoxzolamide and dorzolamide, have promising anti-amoebic properties. 

IInnttrroodduuccttiioonn  
Acanthamoeba castellanii is an opportunistic 

amoeba ubiquitously present in soil and natural water 
(1,2). In humans, it causes sight-threatening keratitis 
named acanthamoeba keratitis (AK) (3,4), and in immuno-
compromised patients, it seldom causes severe invasive in-
fections such as granulomatous amoebic encephalitis 
(GAE) (5–7). AK usually is contracted by individuals partic-
ularly exposed to risk factors, such as contact lens wearers 
(8,9), glucocorticoid eye drops users (10) and patients re-
covering from eye operations, with the first group being 
the largest as accounts for over 150 million contact lens 
users worldwide (11). The annual incidence of AK is ap-
proximately 1.2 million in Western countries alone, caus-
ing loss of quality-adjusted life years due to complications 
subsequent to infection, e.g., monocular blindness (12,13). 
A. castellanii has two distinct life cycle stages: i) the meta-
bolically-active trophozoite and ii) the cyst, which is a re-
sistant and quiescent form of the parasite (14) (Figure 1). 

 The cysts of A. castellanii are highly re-
sistant to clinically used anti-microbial agents and to con-
tact lens disinfectants (15,16) mainly due to the protective 
effect of a double wall structure made of cellulose and 
other complex polysaccharides from adverse environmen-
tal factors (17). The cysts can live up to 25 years while re-
taining infectious capacity (16) as they are capable of 
excystation once adverse environmental agents have re-
ceded, and that represents a main point of failure in the 
pharmacological treatment of AK (12). In addition, the 
trophozoites can form a biofilm on the surface of the 

contact lens, thus creating a protective layer from disin-
fectants (18).  

 A comprehensive treatment against AK 
has not been established (19). Most medications are topi-
cally-administered in the form of eye drops applied every 
hour for the first few days and then hourly during waking 
hours for several weeks (12). They include biguanide de-
rivatives (e.g., polyhexamethylene biguanide hydrochlo-
ride and chlorhexidine gluconate (20)), and diamidine de-
rivatives (e.g., propamidine and hexamidine isethionate 
(15,19)). They are either used as monotherapy or in com-
bination with antibacterial or antifungal agents (21). Later, 
if the infection improves, the administration frequency can 
be reduced to once in three hours (15). Overall AK directed 
pharmacological treatment may last 3–4 weeks, although it 
can last as long as 12 months (12). The restrictive and 
time-consuming features of the treatment may result in 
scarce compliance from patients. Besides the damage 
caused to the corneal tissue by A. castellanii (12), the risk 
for adverse side effects is present, such as loss of corneal 
tissue regeneration, corneal ulceration, scleritis, iris atro-
phy, and glaucoma (15), and becomes higher as the treat-
ment course is extended. Additionally, there is evidence in 
clinical samples of A. castellanii strains that show signifi-
cant drug resistance against conventional medication, e.g., 
polyhexamethylene biguanide hydrochloride (22). New 
treatment options are being developed that, thus far, show 
a moderate effect against cysts in vitro studies and among 
others include several quinazolinones (23), cobalt nano-
particles (24), and silver nanoparticles (25). However, 
these compounds have not been clinically tested (23–25) 
and thus their efficacy in humans is yet to be discovered. 
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