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Carbonic anhydrases (CAs) are metalloenzymes catalyzing the reversible

hydration of carbon dioxide to bicarbonate (hydrogen carbonate) and pro-

tons. CAs have been identified in archaea, bacteria and eukaryotes and

can be classified into five groups (a, b, c, d, f) that are unrelated in

sequence and structure. The fungal b-class has only recently attracted

attention. In the present study, we investigated the structure and function

of the plant-like b-CA proteins CAS1 and CAS2 from the filamentous

ascomycete Sordaria macrospora. We demonstrated that both proteins can

substitute for the Saccharomyces cerevisiae b-CA Nce103 and exhibit an

in vitro CO2 hydration activity (kcat/Km of CAS1: 1.30 9 106 M
�1�s�1;

CAS2: 1.21 9 106 M
�1�s�1). To further investigate the structural properties

of CAS1 and CAS2, we determined their crystal structures to a resolution

of 2.7 �A and 1.8 �A, respectively. The oligomeric state of both proteins is

tetrameric. With the exception of the active site composition, no further

major differences have been found. In both enzymes, the Zn2+ -ion is

tetrahedrally coordinated; in CAS1 by Cys45, His101 and Cys104 and a

water molecule and in CAS2 by the side chains of four residues (Cys56,

His112, Cys115 and Asp58). Both CAs are only weakly inhibited by

anions, making them good candidates for industrial applications.

Database

Structural data have been deposited in the Protein Data Bank database under accession

numbers 4O1J for CAS1 and 4O1K for CAS2.

Structured digital abstract

● CAS1 and CAS2 bind by x-ray crystallography (View interaction)

Introduction

The gas carbon dioxide (CO2) can be considered as a

key molecule in the life of all organisms. It is the end

product of respiration in heterotrophic organisms and

the raw material for the biosynthesis of carbohydrates

by autotrophic organisms. In addition to its metabolic

functions, CO2 can also act as a mediator triggering
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CA, carbonic anhydrase; MTS, mitochondrial target sequence; PDB, Protein Data Bank; SD, synthetic dextrose; SG, synthetic galactose;

YPD, yeast extract, peptone, dextrose.
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animal behavior and the virulence of pathogenic

organisms [1–6]. In nature, CO2 is reversibly hydrated

by the reaction CO2 + H2O ↔ HCO3
� + H+. Bicar-

bonate (HCO3
�), the hydration product of CO2, is an

important metabolite involved in many biosynthetic

reactions [7–9]. The spontaneous and balanced inter-

conversion of CO2 and bicarbonate is slow but can be

accelerated by the enzyme carbonic anhydrase (CA).

Usually, CAs are Zn2+ -dependent metalloenzymes,

although CAs harboring a Cd2+ or Fe2+ ion at their

active site also have been described [10,11]. These

enzymes can be identified in all three domains of life

and are considered to be the result of convergent

evolution. CAs can be divided into five classes (a, b, c,
d and f) that are unrelated in amino acid sequence

and structure [7,12,13]. The b-class can be further sub-

divided into plant-type and cab-type subclasses [14,15].

Subsequent to the discovery of the first CA in 1933

[16], the a-class has received the most attention. At

least 16 different a-CA isoforms are encoded in mam-

mals [17] and these have been shown to be involved in

pH regulation, transport of CO2 and electrolyte secre-

tion [18,19]. Determination of the crystal structure of

the a-CA isozymes I, II, III, IV, V, VI, IX, XII, XIII

and XIV has revealed a high degree of structural

similarity [20–22]. The typical fold of a-CAs is charac-

terized by a central antiparallel b-sheet harboring the

active site, which is located in a large cone-shaped cav-

ity that reaches the center of the protein molecule. The

Zn2+ ion, essential for catalysis, is located close to the

bottom of the cavity. It is coordinated by three

conserved histidine residues in a tetrahedral geometry

with H2O or OH� as the fourth ligand.

In the large fungal kingdom, a-CAs play only a

minor role and the majority of fungi encode at least

one b-CA. The genomes of basidiomycetous and

hemiascomycetous yeasts contain only b-CAs, whereas

most filamentous ascomycetes encode multiple b-CAs

and also possess genes encoding a-class CAs. Various

gene duplication and gene loss events during evolution

appear to be the cause for the multiplicity of CAs in

fungi. In filamentous ascomycetes, a gene encoding a

plant-type b-CA was duplicated, resulting in two

closely-related isoforms differing with respect to the

presence or absence of an N-terminal mitochondrial

target sequence (MTS) [23]. Recent work demonstrates

that fungal b-CAs are important for CO2 sensing in

fungal pathogens, as well as for the regulation of

sexual development [2,24,25]. Despite the large number

of fungal b-CAs that are known, only two have been

structural characterized to date: the N-terminally

truncated Saccharomyces cerevisiae CA Nce103 and

the full-length CA Can2 from the basidiomycete

Cryptococcus neoformans [26,27]. Both enzymes exhibit

in vitro activity and are essential for growth under

ambient air [2,9,28,29]. The crystal structures of S. ce-

revisiae and C. neoformans b-CAs resemble structures

of plant-type b-CAs and consist of an N-terminal arm,

a conserved a/b core and a C-terminal subdomain

[26,27]. The zinc ion is coordinated tetrahedrally by

two cysteine and one histidine residue, whereas the

fourth position is occupied by a water molecule. Major

structural differences between the fungal b-CAs were

identified within the N-terminal extension. Can2 has

an unusual N-terminal extension that is apparently

important for enzymatic activity. Inhibition studies

revealed that Can2 and Nce103 are strongly inhibited

by sulfonamides and anions [30,31].

Previously, we showed that four different CA-genes

(cas1, cas2, cas3 and cas4) are encoded in the genome

of the filamentous ascomycete Sordaria macrospora

[23,32]. CAS1 and CAS2 are closely-related proteins

that belong to the plant-like subgroup of b-CAs,

whereas cas3 encodes a cab-type enzyme and cas4

encodes an a-class protein. Based on the similarity of

cas1 and cas2, these genes are proposed to be the

result of an ancient gene duplication event [23]. CAS1

is a cytoplasmic enzyme, whereas CAS2 exhibits a sig-

nal peptide for translocation into the mitochondria.

Both enzymes are involved in sexual development and

are proposed to be the major CAs in S. macrospora

[8]. The present study comprised a biochemical and

structural characterization of CAS1 and CAS2 from

S. macrospora. Both cas1 and cas2 were capable of

substituting for NCE103 when heterologously

expressed in the Δnce103 deletion mutant. Recombi-

nant cas1 and cas2 expressed in Escherichia coli dis-

played CO2 hydration activity in vitro. Crystal

structures of CAS1 and CAS2 revealed a tetrameric

oligomerization state, comprising the first examples of

tetrameric b-CAs in the fungal kingdom.

Results

S. macrospora cas1 and cas2 complement the

yeast deletion mutant Δnce103

Heterologous expression of CA genes rescues the

S. cerevisiae Δnce103 deletion mutant [29], with com-

plementation depending on carbonic anhydrase activity

of the heterologous enzyme [33]. To demonstrate the

ability of CAS1 and CAS2 to functionally restore the

CA-deficient yeast strain, both genes were expressed in

the haploid deletion strain CEN.HE28-h (Table S1).

The full-length cDNA of cas1 and a truncated version

of the cas2 cDNA, lacking the mitochondrial target
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sequence, fully complemented the phenotype of the

S. cerevisiae Δnce103 CA mutant, demonstrating the

carbonic anhydrase activity of CAS1 and CAS2

(Fig. 1). The haploid deletion strain transformed with

the empty vector served as negative control, whereas

the heterozygous strain (CEN.HE28) transformed with

the empty vector was used as a positive control. In

addition, all strains were tested for their viability at

5% CO2. To verify the production of both proteins,

western blotting with anti-His serum was performed

(Fig. 1).

Heterologous expression in E. coli, purification

and enzyme activity

CAS1 is a cytosolic protein composed of 234 amino

acids with a calculated molecular weight of 25.1 kDa.

The native 284 amino acids CAS2 protein exhibits an

N-terminal signal peptide for translocation into

mitochondria [8]. The mitochondrial target sequence

(MTS) is predicted to be cleaved between His59 and

Ser60 [23]. Therefore, the nucleotides encoding the

MTS were removed to enable expression of cas2 in

E. coli. The cas2 gene expressed in E. coli encodes a

protein of 225 residues with a calculated molecular

weight of 25.9 kDa. CAS1 and CAS2 were synthesized

in E. coli Rosetta (DE3) cells as N- and C-terminal

His-tagged fusion proteins, respectively. After purifica-

tion, 5–10 mg of CAS1 and 10–20 mg of CAS2 could

be obtained per litre of culture.

The enzymes were concentrated to 10 mg�mL�1 and

dialyzed against 50 mM Hepes (pH 8.3), 50 mM NaCl,

and tested in a stopped-flow CO2 hydration assay as

described in the Materials and methods. Both enzymes

exhibited measurable in vitro CO2 hydration activity

(kcat/Km of CAS1: 1.30 9 106 M
�1�s�1; CAS2: 1.21 9

106 M
�1�s�1) (Table 1). In addition, CAS1 and CAS2

were only weakly inhibited by the widely used sulfon-

amide drug acetazolamide, with inhibition constants of

445 nM and 816 nM against CAS1 and CAS2, respec-

tively. Inhibition by anions was also investigated

because these have been shown to effectively inhibit

CA activity [34]. The majority of the anions tested

were ineffective at inhibiting CAS1 and CAS2

(Table 2).

Perchlorate and tetrafluoroborate showed weak inhi-

bition, similar to several other CAs [35]. Nitrite and

nitrate anions were also ineffective CAS1 and CAS2

inhibitors with inhibition constants over 100 mM. The

halogens bromide and chloride inhibited CAS1 with

inhibition constants of 9.3 and 9.2 mM, respectively,

whereas CAS2 was inhibited less efficiently. Con-

versely, CAS2 was more strongly inhibited by sulfate

(KI = 4.8 mM) than was CAS1 (KI > 100 mM). The

best anionic inhibitors for both CAS1 and CAS2 were

sulfamide, sulfamate, phenylboronic acid and pheny-

larsonic acid, with inhibition constants in the range

84–9 lM.

Structural features of CAS1 and CAS2

To determine the structural details of both enzymes,

we crystallized CAS1 and CAS2 and solved their

three-dimensional structures (Table 3). CAS1 crystal-

lized in space group P212121 with two monomers occu-

pying the asymmetric unit. The structure was refined

at 2.7 �A to crystallographic R factors of 20.4% and

25.1% for Rwork and Rfree, respectively. Analysis of

crystal contacts using the PISA [36] suggested that the

biologically active molecule is a homotetramer possess-

ing D2 symmetry (Fig. 2A). CAS2 crystallized in the

F222 space group with one monomer occupying the

asymmetric unit, and the structure was refined at

1.8 �A to a final Rwork of 19.1% and Rfree of 21.1%.

Crystal contact analysis indicated an equivalent homo-

tetrameric oligomerization state to CAS1 (Fig. 2B).

The final CAS1 and CAS2 models comprise protein

residues 4–213 and 14–224, respectively. The missing

residues (CAS1: 1–3, 214–234; CAS2: 1–13, 225) could
not be localized in the electron density map and are

most likely disordered. Size exclusion chromatography

and multi-angle laser light scattering confirmed that

both enzymes are also homotetrameric in solution

SG-UraSD-Ura

CEN.HE28-h + p426-CAS1-His

5% CO2 Air Air

26

kDa

26

Anti-
RGSHis

CEN.HE28-h + p426-CAS2-His

CEN.HE28-h + p426GAL1

CEN.HE28 + p426GAL1

Fig. 1. Functional complementation of the haploid S. cerevisiae CA

deletion mutant with cas1 and cas2 of S. macrospora. The haploid

yeast deletion strain CEN.HE28-h was only able to grow under

elevated 5% CO2 conditions. It was transformed with galactose

inducible plasmids p426-CAS1-His and p426-CAS2-His, which

express either cas1 or cas2. Recombinant strains were grown in a

5% CO2 enriched atmosphere as viability control and at ambient air

on SD-Ura and SG-Ura plates for repression and induction of gene

expression. As controls, the haploid, as well as the heterozygous

diploid strain (CEN.HE28), were transformed with the empty vector

p426GAL1. Complementation was confirmed when growth

occured under ambient air on SG-Ura plates. Western blotting with

anti-His serum (Qiagen, 1 : 4000, 1 9 NaCl/Pi + 0.5% BSA) was

performed to confirm the production of the proteins.
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(data not shown). The monomers of CAS1 and CAS2

are structurally highly similar; the calculated root

mean square deviation (rmsd) amounts to 1.63 �A and

has been calculated for 185 matched Ca atoms, of

which 84 are identical in sequence (Fig. 3). The overall

structure of each monomer consists of an N-terminal

region forming a long arm composed of two perpen-

dicularly oriented a-helices (a1 and a2) spanning the

adjacent subunit and thus facilitating dimer formation.

The central core is made up of a five-stranded mixed

b-sheet (b1–b5), of which four b-strands (b2–b1–b3–
b4) are in a parallel arrangement and the fifth (b5) is

antiparallel (Fig. 3). The active center is composed

mostly of residues located at the tips of b-strands: b1
(Cys45 of CAS1 and Cys56 of CAS2) and b3 (His101

of CAS1 and His112 of CAS2), as well as surrounding

loops (Asp47 and Cys104 of CAS1; Asp58 and Cys115

of CAS2) (Fig. 4). The C-terminal subdomain is domi-

nated by a-helices flanking on one side the convex sur-

face of the b-sheet, whereas the other side is involved

in dimer and homotetramer formation.

Structural comparison of CAS1 and CAS2

The two CAS proteins are closely related isoforms,

structurally very similar, and share an overall amino

acid sequence identity of 37% (Fig. 5). Only minor

differences were evident between the two compared

CAS structures. The most striking difference concerns

coordination of the bound metal ion. In both CAS

structures, the zinc ion is coordinated primarily by two

cysteine and one histidine residues (Cys45, His101 and

Cys104 in CAS1; Cys56, His112 and Cys115 in CAS2)

(Fig. 4). However, the fourth coordination ligand of

the zinc ion is a water molecule in CAS1, which, in

the active site of one monomer, is accompanied by

two additional water molecules separated by a distance

of 2.7 �A from each other (Fig. 4A). By contrast, the

fourth coordination position of zinc ion in CAS2 is

occupied by a carboxylate oxygen atom of the con-

served Asp58 (Fig. 4B). In both enzymes, the con-

served aspartic acid is part of an Asp/Arg pair

proposed to be involved in proton shuffling [12] and

catalysis [15]. This amino acid pair is in close proxim-

ity to the active core (Fig. 4) and is conserved in all b-
CAs analyzed to date [15,27,37]. The different zinc

coordination environments at the active site of CAS1

and CAS2 have been observed previously in CAs and

have been termed type-I and type-II [38,39].

Discussion

The genome of the filamentous ascomycete S. macros-

pora encodes four carbonic anhydrases. Two b-CAs,

named CAS1 and CAS2, were shown to be the major

CAs involved in sexual development and ascospore

germination [8]. In the present study, we show that

both proteins were able to restore growth in a b-CA
S. cerevisiae deletion mutant at ambient air, demon-

strating their in vivo activity (Fig. 1). CAS1 and CAS2

were heterologously expressed in E. coli for structural

and functional studies. Purified CAS1 and CAS2

exhibited hydration activity, although this was low

compared to a- and b-CAs from other organisms

(Table 1). Filamentous fungi such as S. macrospora

have evolved a redundant system comprising multiple

CAs that can replace each other if needed [8,23,32,40].

By contrast, bacteria or ascomycetous yeasts must

often maintain the supply of bicarbonate with a single

CA. Therefore, individual CAs from multi-enzyme

organisms may exhibit low in vitro activity, although

overall activity may be higher than that of bacteria or

yeast with a single CA enzyme. In support of this,

S. macrospora single CA deletion mutants are still able

Table 1. Kinetic parameters for the CO2 hydration reaction catalyzed by the human cytosolic isozymes hCA I and II (a-class CAs) at 20 °C

and pH 7.5 in 10 mM Hepes buffer and 20 mM Na2SO4, and the b-CAs Can2, CalCA from C. neoformans and C. albicans, respectively.

SceCA (from S. cerevisiae), the plant Flaveria bidentis CA (FbiCA 1) and CAS1 and CAS2 of S. macrospora 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.

Isozyme

Activity

level

kcat

(s�1)

kcat/Km

(M�1�s�1)

KI (acetazolamide)

[nM]

hCA I Moderate 2.0 9 105 5.0 9 107 250

hCA II Very high 1.4 9 106 1.5 9 108 12

Can2 Moderate 3.9 9 105 4.3 9 107 10.5

CalCA High 8.0 9 105 8.0 9 105 132

SceCA High 9.4 9 105 9.8 9 107 82

FbiCA 1 Low 1.2 9 105 7.5 9 106 27

CAS1 Low 1.2 9 104 1.30 9 106 445

CAS2 Low 1.3 9 104 1.21 9 106 816
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to grow in ambient air, whereas deletion mutants of

bacteria and yeasts encoding only a single CA cannot

grow under these conditions [3,8,29,41,42]. Compared

to CAs of other organisms, CAS1 and CAS2 are only

weakly inhibited by anions and the sulfonamide drug

acetazolamide (Tables 1 and 2). The natural habitat of

S. macrospora is the dung of herbivores, which is an

environment rich in carbon, nitrogen and minerals.

High levels of resistance against anionic inhibitors

such as nitrite and nitrate might be the result of an

adaption of S. macrospora to its ecological niche in

which ions and trace elements are found at high con-

centrations [43]. Such an adaption has been proposed

for bicarbonate resistance of the a-CA VchCA from

Vibrio cholerae [44].

Recently, there has been increased interest in

utilizing CAs for industrial applications such as CO2

sequestration and biofuel production [45]. Often, CAs

used for such applications do not resist the harsh

industrial conditions. In particular, the presence of

SOx and NOx, which are present in flue gases, can

pose a problem for enzyme activity [46]. The resistance

of S. macrospora CAS1 and CAS2 to anionic

inhibitors observed in the present study, coupled with

Table 2. Inhibition constants of anionic inhibitors against a-CA isozymes derived from human (hCA II) and bacterial (from the thermophilic

bacterium Sulfurihydrogenibium yellowstonense, SspCA) sources, as well as the b-CA from a bacterium (Helicobacter pylori) HpyCA, the

plant F. bidentis isoform 1 (FbiCA 1) and S. macrospora enzymes CAS1 and CAS2 at 20 °C (pH 8.3) by a stopped flow CO2 hydrase assay

[71]. Errors were in the range of 3–5% of the reported values from three different assays.

KI [mM]

hCA IIa SspCAb HpyCAc FbiCA 1d CAS1e CAS2e

F� > 300 41.7 0.67 0.71 > 100 > 100

Cl� 200 8.30 0.56 0.74 9.2 > 100

Br� 63 49.0 0.38 0.67 9.3 > 100

I� 26 0.86 0.63 0.71 8.6 7.7

CNO� 0.03 0.80 0.37 0.93 0.90 0.82

SCN� 1.60 0.71 0.68 0.83 5.4 5.6

CN� 0.02 0.79 0.54 0.62 0.94 0.75

N3
� 1.51 0.49 0.80 0.46 > 100 6.1

HCO3
� 85 33.2 0.50 0.66 6.5 5.5

CO3
2� 73 39.3 0.42 0.84 > 100 8.8

NO3
� 35 0.86 0.78 0.78 > 100 > 100

NO2
� 63 0.48 0.67 0.57 > 100 > 100

HS� 0.04 0.58 0.58 0.86 0.89 8.5

HSO3
� 89 21.1 0.63 55.3 3.3 7.3

SnO3
2� 0.83 0.52 0.48 0.53 4.3 0.92

SeO4
2� 112 0.57 0.65 24.5 2.4 9.2

TeO4
2� 0.92 0.53 0.45 0.90 2.5 6.3

P2O7
4� 48.50 0.69 0.75 0.83 3.1 0.96

V2O7
4� 0.57 0.66 0.18 0.66 > 100 1.4

B4O7
2� 0.95 0.67 0.68 0.86 6.7 6.9

ReO4
� 0.75 0.80 0.82 0.52 8.2 > 100

RuO4
� 0.69 0.69 1.10 26.1 3.9 > 100

S2O8
2� 0.084 84.6 0.93 0.87 5.0 > 100

SeCN� 0.086 0.07 0.97 0.88 2.9 9.3

CS3
2� 0.0088 0.06 0.21 0.06 0.79 > 100

Et2NCS2
� 3.1 0.004 0.0074 0.008 0.38 0.93

SO4
2� > 200 0.82 0.57 0.62 > 100 4.8

ClO4
� > 200 > 200 6.50 > 200 > 100 > 100

BF4
� > 200 > 200 > 200 > 200 > 100 > 100

FSO3
� 0.46 0.73 0.75 0.69 0.93 8.4

NH(SO3)2
2� 0.76 0.75 0.70 50.9 0.88 9.2

H2NSO2NH2 1.13 0.009 0.072 0.004 0.084 0.048

H2NSO3H 0.39 0.042 0.094 0.005 0.069 0.072

Ph-B(OH)2 23.1 0.041 0.073 0.008 0.009 0.056

Ph-AsO3H2 49.2 0.005 0.092 0.006 0.035 0.054

a De Simone and Supuran [34], Supuran et al. [76]; b De Luca et al. [72]; c Nishimori et al. [73]; d Monti et al. [74]; e Present study.

FEBS Journal 281 (2014) 1759–1772 ª 2014 FEBS 1763

R. Lehneck et al. Tetrameric b-carbonic anhydrases from S. macrospora



their efficient expression in E. coli, makes them good

candidates for industrial applications (Table 2).

The monomeric structure of both b-CAs from

S. macrospora closely resembles that of other b-CAs,

with the three core elements (N-terminal arm, a/b core

and a C-terminal extension) being present in all [38].

Three amino acids conserved only in plant-like b-CAs

(Gln151, Phe179, Tyr205; numbering according to the

Pisum sativum CA) further confirm the plant-like

architecture of CAS1 and CAS2 [23]. The search for

the closest structural neighbors of CAS1 using

PDBEFOLD [47] identified b-CAs from S. cerevisiae

(rmsd 1.68 �A, 184 matched Ca, 30% sequence iden-

tity) and P. sativum (rmsd 1.64 �A, 187 matched Ca,
32% sequence identity). For CAS2, the S. cerevisiae

(rmsd 1.7 �A, 180 matched Ca, 27% sequence identity)

and E. coli (rmsd 1.46 �A, 184 matched Ca, 53%

sequence identity) b-CAs showed the highest degree of

structural similarity.

Despite their importance for fungal growth and

pathogenicity, only two fungal b-CAs and one a-CA
have been structurally characterized to date [26,27,48].

Although similar in structure and sequence, the fungal

b-CAs CAS1 and CAS2 structures determined in the

present study revealed unexpected differences com-

pared to the structures of the b-CAs from C. neofor-

mans and S. cerevisiae. The S. macrospora CAS1 and

CAS2 are tetrameric (Fig. 2), whereas S. cerevisiae

and C. neoformans b-CAs form dimeric assemblies

[26,27]. Nevertheless, tetrameric assemblies of b-CAs

have been reported from bacteria and algae as well

[49,50].

The N-termini of CAS1 and CAS2 are composed of

two perpendicularly oriented a-helices (Fig. 3). Simi-

larly, the N-terminus of S. cerevisiae Nce103 is made

up of two a-helices shown to be important for activity

but not for dimerization [26]. By contrast, the N-termi-

nus of C. neoformans Can2 is composed of four anti-

parallel a-helices that interact with a channel crossing

the active-site entrance. Schlicker et al. (2009) assumed

that this N-terminal extension may be involved in inter-

nal regulatory mechanisms, or may mediate interaction

with another protein. The N-terminus of the Can-

dida albicans b-CA is even more extended than that of

Can2, which was only capable of partially complement-

ing the C. albicans CA mutant strain (Fig. S1). This

led to the assumption that the length of the N-terminus

was particularly important for activity [27]. The confor-

mation of the N-terminal region of CAS1 and CAS2 is

structurally similar to that of S. cerevisiae CA Nce103

and, not unexpectedly, the phenotype of the Δnce103
yeast mutant was completely restored by heterologous

expression of cas1 and cas2 (Fig. 1).

In the electron density map of CAS1, Cys47, His101

and Cys104 can be clearly seen coordinating the zinc

ion. Additionally, three water molecules were observed

in close vicinity to the active site of one monomer

occupying the asymmetric unit. One water molecule is

positioned 2.3 �A away from the metal ion and occu-

pies the fourth coordination position (Fig. 4A),

whereas the other two are spaced 2.7 �A apart, which is

a distance ~ 0.4 �A longer then the spacing between

two oxygen atoms in a CO2 molecule. The distance of

2.3 �A between the water molecule coordinating the

zinc ion and one of the water molecules separated by

Table 3. Data collection and refinement statistics.

CAS1 CAS2

Data collection

Space group P21212 F222

a (�A) 70.08 83.00

b (�A) 80.72 93.90

c (�A) 82.35 97.13

Wavelength (�A) 0.91841 0.82661

Resolution (�A) 36.2–2.7 (2.8–2.7) 33.8–1.8 (1.9–1.8)

Observed

reflections

46085 (4718) 70137 (10481)

Unique reflections 13277 (1344) 16776 (2441)

Multiplicity 3.5 (3.5) 4.2 (4.3)

Completeness (%) 98.7 (99.7) 99.2 (99.6)

I/r (rI) 8.2 (2.3) 18.0 (2.4)

Rmerge (%)a 19.1 (71.2)d 3.7 (59.9)

CC(1/2)b 97.7 (72.4) 100.0/79.3

Refinement

Resolution (�A) 36.24–2.69 33.77–1.83

Rwork (%) 20.4 (26.8) 19.1(32.6)

Rfree (%)c 25.1 (31.3) 21.1 (34.1)

Number of atoms/

B average (�A2)

3146/40.1 1785/48.7

Protein 2983/40.50 1719/48.8

Solvent 160/33.10 65/45.5

Ions 3/46.38 1/32.7

Rmsd from ideal

Bond length (�A) 0.005 0.010

Bond angles (°) 0.960 1.362

Ramachandran plot (%)

Favored 99.49 98.10

Outlier 0.00 0.00

Allowed 0.51 1.90

PDB code 4O1J 4O1K

Values given in parentheses refer to the outer shell.
a Rmerge = Σhkl Σi |Ii(hkl) – <I(hkl)>|/ΣhklΣiIi(hkl).
b Calculated with XSCALE [77].
c Rfree factor calculated for 5% randomly chosen reflections not

included in the refinement.
d The elevated Rmerge value is a result of the high background level

of the cryosolution and the very small size of the crystal

(7 9 7 9 40 lm). For comparison, the nylon loop used for crystal

mounting is 20 lm in diameter.
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2.7 �A suggests that the latter two could mimic the oxy-

gen atoms of the substrate CO2 molecule.

A water molecule acting as the fourth ligand coordi-

nating the zinc ion has been already reported for sev-

eral plant and yeast b-CAs (e.g. the P. sativum,

C. neoformans and S. cerevisiae b-CAs) [26,27]. Those

structures and the structure of CAS1 reported in the

present study represent the so-called open conforma-

tion of the enzyme, also named type-I (Fig. 6A)

[15,26,27]. By contrast, no water molecules could be

localized in the close vicinity of the active site of

CAS2. Instead, the coordination sphere of the zinc ion

in CAS2 is completed by a carboxylate oxygen atom of

conserved Asp58 located on a loop connecting

b-strands b1 and b2 in the close proximity to the active

site (Fig. 4B). An Asp side chain occupying the fourth

position of the zinc coordination sphere has been

reported previously for structures of the b-CA from

the red alga Porphyridium purpureum and bacterial

b-CAs from E. coli, Haemophilus influenza and

Mycobacterium tuberculosis (Rv3588c) [49,51–53]. The

accompanying structural changes of the loop harboring

conserved Asp residue cause active site closure and rep-

resent the closed (type-II) conformation of the enzyme,

which has been shown to be inactive [54] (Fig. 6B).

However, the closed conformation of the loop harbor-

ing the Asp58 in CAS2 is stabilized by crystal contacts.

Therefore, it is anticipated that the observed closed

state may convert to an open state when a water mole-

cule replaces the Asp residue at higher pH, such as pH

8.3, at which the kinetic measurements were performed.

This phenomenon was demonstrated for the M. tuber-

culosis enzyme Rv1284 [52].

In addition to differences in conformation of the

loop responsible for changing the state of the active

site (opening and closing), less pronounce differences

were observed at the C-termini of S. macrospora CAS1

and CAS2. Although CAS1 is nine amino acids longer

A1

A3
90

B2

B1

90

A2

B3

Fig. 2. Crystal structures of carbonic

anhydrase CAS1 and CAS2. (A) CAS1. (B)

CAS2. (A1, B1) Monomers of CAS1 and

CAS2 in cartoon representation (rainbow

colored). (A2, B2) Quaternary structure of

CAS1 and CAS2 in cartoon representation

illustrating the tetrameric assembly. The

rainbow-colored monomers are shown in

the same orientation as in (A1) and (B1),

respectively. (A3, B3) Tetramer of (A2) and

(B2) rotated by 90° over the x-axis. Zn2+

ions are shown as grey spheres. The side

chains of the residues coordinating the

Zn2+ ion are depicted as green sticks for

CAS1 and CAS2.
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then CAS2, its C-terminal 21 residues could not be

localized in the electron density map. By contrast, the

C-terminus of CAS2 is almost completely resolved and

forms a loop-helix-loop extension, establishing several

polar contacts with the adjacent monomer, and thus

appears to play an important structural role in the

tetramer formation (Fig. S2). This observation can be

further confirmed by the structure-based sequence

alignment of CAS2 with other dimeric, tetrameric and

octameric forms of b-CAs [55], revealing the presence

of the loop-helix-loop C-terminal motif only in

tetrameric b-CAs (Fig. S3). The dimeric b-CAs either

have a short C-terminal tail of a few amino acids or,

as in the case of Cab-type CAs from Methanobacteri-

um thermoautotrophicum and M. tuberculosis Rv1284,

terminate with the fifth b-strand of the central b-sheet
[27,52,56].

In conclusion, we present for the first time the

crystal structures of two b-CA enzymes from a fila-

mentous ascomycete. The monomers of S. macrospora

CAS1 and CAS2 exhibit high structural similarity to

plant-like b-CAs. Both enzymes form tetrameric

assemblies, unlike other fungal b-CAs. CAS1 and

CAS2 were distinguished by their different active site

conformations. CAS1 adopted an ‘open’ type-I confor-

mation with a water molecule as the fourth ligand

coordinating the zinc ion, whereas, in CAS2, a ‘closed’

type-II conformation was visible in which the con-

served Asp residue completed the metal coordination.

CAS1 and CAS2 display a high degree of structural

similarity to CAs from plant- and human fungal

pathogens such as Fusarium sp. and Aspergillus fumig-

atus [23]. Inhibition of fungal CAs has attracted

attention as a possible treatment for infections caused

by fungal pathogens [57,58]. Based on the high

sequence identity and structural similarity to b-CAs

from other filamentous ascomycetes, the structures of

His112

Cys56

Zn2+

Cys115

Asp58

2.1
2.2

1.92.3

His101

Cys45

Zn2+
Cys104

Asp47
water

water*

2.3

2.4

2.7

2.2

2.3

2.3

A

B

Fig. 4. Active center of CAS1 and CAS2. (A) Coordination of the

zinc ion at the active site of CAS1 is achieved by side chains of

Cys45, His101 and Cys104. Close to the active center, three water

molecules are located. One of these (marked with an arrow and

labelled water*) acts as fourth ligand of the Zn2+ ion. (B) Side

chains of Cys56, His112 and Cys115 coordinate the zinc ion in the

active center of CAS2. The fourth position is occupied by Asp58.

Distances (�A) are displayed and interactions are indicated by

dashed lines. The simulated annealing mFo – DFc omit map is

contoured at the 3.2 sigma level.

α1

α2

β1
α3

β2α4
β3

α5

α6

α7

α8

β4

β5

α9

N

C

α10

C

N

Fig. 3. Superposition of the monomeric ribbon representation for

CAS1 (slate blue) and CAS2 (wheat). The secondary structure

elements are labeled according to the CAS2 monomer. The first

and the last residues of each monomer are labeled N and C. The

zinc ions are presented as grey spheres and the zinc coordinating

protein residues are depicted as sticks and are colored green

(CAS1) and purple (CAS2).
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S. macrospora CAS1 and CAS2 reported in the present

study might contribute to the development of new

antifungal therapeutics.

Materials and methods

In vivo complementation of S. cerevisiae

For heterologous complementation of S. cerevisiae Δnce103
with carbonic anhydrase genes of S. macrospora, we used the

haploid yeast strain CEN.HE28-h (Table S1). This strain

cannot grow under ambient air conditions because a kana-

mycin resistance cassette replaces the carbonic anhydrase

encoding gene NCE103. The heterozygous diploid yeast dele-

tion strain was incubated on sporulation medium (8.2 g�L�1

sodium acetate, 1.9 g�L�1 KCl, 0.35 g�L�1 MgSO4, 1.2 g�L�1

NaCl, 15 g�L�1 agar) for 2–4 days at 30 °C. For separation
of single spores, the tetrads were resuspended in Zymolyase

solution (100 mg�mL�1) (Sigma-Aldrich, Germany). After

5 min, the solution was spread as single lane on an YPD [1%

(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose]

plate. The spores were isolated with a Micromanipulator

(MSM System; Singer Instruments, Watchet, UK) and

transferred to a new YPD plate. Only ascospores able to

germinate at elevated (5%) CO2 atmosphere on plates

containing 200 lg�mL�1 G418 sulfate (Roth, Karlsruhe,

Germany) were used for the complementation assay. To

complement the haploid yeast mutant, the ORF of the two

cas genes were amplified from wild-type cDNA using the

primer pair p426CAS1-f/p426RGSHISCAS1-r for cas1 and

primer pair p426CAS2-f/p426RGSHISCAS2-r for cas2

(Table S2). The ORF of cas2 was amplified without the

MTS. Using the homologous recombination mechanism of

S. cerevisiae [59], the PCR fragments (cas1: 790 bp, cas2:

763 bp) consisting of the corresponding ORF, the 27-bp

sequence coding for the RGS6xHis-tag and two 29-bp over-

hangs to the plasmid were cloned into the EcoRI linearized

vector p426GAL1 [60] (Table S3). The respective genes are

expressed under the control of a galactose inducible pro-

moter of the GAL1 gene. The constructed plasmids were

named p426-CAS1-His and p426-CAS2-His (Table S3). The

haploid yeast deletion strain CEN.HE28-h was grown at 5%

CO2 in the Inkubator C42 (Labotect, Rosforf, Germany) in

liquid YPD and transformed with the obtained plasmids

using the electroporation method [61]. Transformants were

selected on SD-Ura plates containing 200 lg�mL�1 G418

sulfate at 5% CO2. For the complementation assay, the cells

were grown over night in liquid SD-Ura medium at 5% CO2

and dropped in 50-lL aliquots in concentrations lasting from

106 to 101 cells on solid SD- and SG-Ura medium, respec-

tively. The cells were incubated at ambient air and 30 °C. To
demonstrate the viability of all cells, a control plate was also

incubated at 5% CO2 and 30 °C. The haploid mutant trans-

formed with the empty vector (CEN.HE28-h + p426GAL1)

was used as a negative control. The heterozygous diploid

yeast deletion strain transformed with the empty vector

(CEN.HE28 + p426GAL1) served as a positive control. To

confirm the production of the proteins, a western blot with

anti-His serum (Qiagen, Hilden, Germany, 1 : 4000,

1 9 NaCl/Pi + 0.5% BSA) was performed.

**

* *

**

*

*

* * * *

*

Fig. 5. Amino acid sequence alignment of

b-CAs CAS1 and CAS2. The alignment

was created with ESPRIPT [75] using the

sequences: CAS1 (accession number

FM878639) and CAS2 (FM878640). The

black asterisks indicate the amino acids

involved in zinc binding (Asp58 binds the

zinc ion only in CAS2). Conserved amino

acids forming the active site are indicated

by yellow asterisks and amino acids

constituting the active site cleft are

highlighted with blue asterisks. Conserved

amino acid residues were classified as

described previously [38]. Residues

identical in both sequences are shaded

black, similar amino acids are framed.

Positions of secondary structure elements

are indicated above the sequence and are

based on the CAS2 monomer.
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Cloning, expression and purification

The ORF of cas1 (705 bp) was amplified with primer pair

CynT1-pQE_f/CynT1_r (Table S2) and cloned into the

BamHI/SalI linearized vector pQE30 (Qiagen). The

resulting plasmid pQE30-CAS1 (Table S3) consists of the

cas1 ORF fused in-frame to an N-terminal RGS-6xHis

sequence. The cas2 ORF (678 bp) was amplified without

the coding sequence for the mitochondrial target sequence

using primer pair CAS2pET22-f/CAS2pET22-r (Table S2)

and cloned into the pET22b(+) expression plasmid

(Novagen, Madison, WI, USA) linearized with NdeI and

XhoI to create a C-terminal 6xHis fusion protein. The

plasmid was named pET-CAS2 (Table S3). The produc-

tion of both proteins was achieved in E. coli strain

Rosetta (DE3) (Invitrogen, Carlsbad, CA, USA). The gene

expression was induced by the addition of 1 mM isopropyl

thio-b-D-galactoside during the exponential phase of

growth and lasted for 3–4 h at 30 °C in LB medium

supplemented with 0.5 mM ZnSO4. Subsequently, the cells

were harvested and resuspended in lysis buffer (20 mM

imidazole, 50 mM NaH2PO4, pH 8, 300 mM NaCl,

0.02 mM MgCl2, 1 Protease Inhibitor Cocktail Tablet;

Roche) and incubated with a spatula-tip amount of

lysozyme (Serva, Heidelberg, Germany) and DNase I

(AppliChem, Darmstadt, Germany). After 30 min of

incubation at 4 °C, the cells were disrupted using a micro-

fluidizer 110S (Microfluidics, Newton, MA, USA). After

centrifugation (50 000 g for 30 min at 4 °C), the clarified

lysate was applied on a Ni-NTA agarose column (Qiagen)

equilibrated with lysis buffer. Unbound proteins were

removed by washing the column with three column vol-

umes of lysis buffer and bound CAS1 or CAS2 were

eluted with lysis buffer additionally containing 250 mM

imidazole. Elution fractions were analyzed by SDS/PAGE,

pooled, concentrated in a Spin-X UF 20 (Corning Inc.)

and stored at 4 °C.

Crystallization, data collection and structure

determination

CAS1 and CAS2 were crystallized using the sitting-drop

vapor diffusion method at 293 K. The droplets were

prepared by mixing 1 lL of protein solution

(CAS1: 15 mg�mL�1; CAS2: 22 mg�mL�1) and 1 lL of res-

ervoir (CAS1: 0.1 M succinic acid, pH 7, 15% poly(ethylene

glycol) 3350; CAS2: 0.1 M Tris-hydrochloride, pH 8.5, 25%

poly(ethylene glycol) 4000, 0.2 M CaCl2 9 2H2O). Crystals

grew within a few days. Before the diffraction experiment,

crystals were transferred to cryosolution containing 10% (v/

v) glycerol for CAS1 and 5% (v/v) glycerol for CAS2 in

addition to the reservoir solution. The oscillation photo-

graphs for the CAS1 crystal were collected at beamline 14.1

at the BESSY II (Berlin, Germany) equipped with a Pilatus

6M detector [62]. The diffraction images for CAS2 were col-

lected at beamline P13 equipped with Pilatus 6M detector at

the PETRA III (DESY, Hamburg, Germany). The data sets

were processed using XDS [63]. Both structures were solved

by molecular replacement with PHASER [64] using E. coli

b-CA [Protein Data Bank (PDB) code: 1I6P [PDB code cor-

rected on 24 February 2014 after original online publica-

tion]] and H. influenzae b-CA (PDB code: 3E3I) as the

search models for CAS1 and CAS2 structures, respectively.

In both cases, initial MR solutions were rebuild using

Rosetta model completion and relaxation [65]. Manual

model completing was performed with COOT [66] alternated

with refinement using PHENIX [67]. Data collection and

refinement statistics are presented in Table 3. Secondary

structure assignment for both structures was carried out

using DSSP [68]. Simulated annealing omit map was calcu-

lated using CNS [69,70]. Structural figures were generated

with PYMOL (http://www.pymol.org).

A

B

His

Cys

Cys

Asp

Water

His

Cys
Zn2+

Cys

Asp

Zn2+

Water

Fig. 6. Superposition of the active site of type-I and type-II plant-

like b-CAs. (A) Overlay of the ‘open’ active site of representative

type-I plant b-CAs [P. sativum (orange), C. neoformans (blue)] with

CAS1 (green) and CAS2 (purple). (B) Overlay of the ‘closed’ active

site of representative type-II plant b-CAs [E. coli (grey),

P. purpureum (yellow)] with CAS1 (green) and CAS2 (purple). The

zinc ion is shown as a grey sphere. The water molecule in the

active center of CAS1 is indicated by a red sphere. [Figure legend

corrected on 24 February 2014 after original online publication].
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Size exclusion chromatography and multi-angle

laser light-scattering

Four hundred microliters of CAS1 (3.5 mg�mL�1) and

260 lL of CAS2 (2 mg�mL�1) were loaded separately on a

24-mL analytical Superdex 200 (10/300) gel filtration

column using an €Akta purifier (GE Healthcare, M€unchen,

Germany) coupled to a miniDAWN TREOS triple-angle

light-scattering detector (Wyatt Technology, Dernbach,

Germany). The column was pre-equilibrated with 50 mM

NaH2PO4 (pH 8), 250 mM imidazole and 300 mM NaCl.

Multi-angle laser light-scattering analysis was performed

continuously on the column eluate at 291 K (size-exclusion

chromatography coupled with multi-angle laser light

scattering). Data analysis was carried out using ASTRA

(Wyatt Technology).

CA activity and inhibition measurements

A stopped-flow instrument (Applied Photophysics, Leather-

head, UK) was used to assay the CA catalyzed CO2

hydration activity [71]. Phenol red (0.2 mM) was used as an

indicator (absorbance maximum 557 nm), with 10–20 mM

TRIS (pH 8.3) as buffer and 20 mM NaClO4 to maintain

constant ionic strength. The initial rates of the CA-cata-

lyzed CO2 hydration reaction were monitored for a period

of 10–100 s. The CO2 concentrations ranged from 1.7 to

17 mM for the determination of kinetic parameters and

inhibition constants. For each inhibitor, at least six traces

of the initial 5–10% of the reaction were used for determi-

nation of 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, deionized water. These were

diluted up to 0.01 lM with distilled, deionized water. To

allow the formation of the E–I complex, inhibitor and

enzyme solutions were preincubated together for 15 min at

room temperature before the hydration assay. The kinetic

parameters for the uninhibited enzymes were determined

from Lineweaver-Burk plots. The inhibition constants were

obtained by nonlinear least-squares methods using PRISM 3

and the Cheng–Prusoff equation [34,57,72–74]. All reported

values represent the mean of at least three different deter-

minations. All inhibitors (sodium salts of the anions and

the several small molecules) were commercially available,

highest purity compounds, as obtained from Sigma-Aldrich

(Milan, Italy).
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