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Abbreviations  

°C Celsius 

ů (crystallography) Sigma-level of an electron density map (refers to probability of 

finding an electron within the volume enclosed by the map. It 

provides a way of accessing the "noise" level of the respective 

electron density map.) 

Å Ångström (1Å = 10
-10

 m) 

A600 

Ala 

Arg 

Amp 

Asn 

Asp 

Absorption at 600 nm 

Alanine 

Arginine 

Ampicillin  

Asparagine 

Aspartic acid 

B-factor 

CA 

Debye-Waller-factor 

Carbonic anhydrase 

Cam Chloramphenicole 

CSD 

Cys 

Cambridge Structural Database 

Cysteine 

DMSO Dimethylsulfoxide 

dNTP 

DTNB 

Desoxynucleosidtriphosphat 

5,5'-dithiobis-(2-nitrobenzoic acid) 

DTT Dithiothreitol 

E. coli Escherichia coli 

Fc calculated structure amplitudes 

Fo 

Gln 

Glu 

Gly 

GST 

observed structure amplitudes 

Glutamine 

Glutamic acid 

Glycine 

Glutathione-S-Transferase 
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h Hour 

H-bond Hydrogen bond 

His 

HPLC-MS 

Histidine 

High pressure liquid chromatography-mass spectrometry 

Ile 

IPTG 

Isoleucine 

Isopropylthio-ɓ-galactosid 

I.U. 

K 

International unit 

Kelvin 

k Kilo 

Da Dalton 

K i Competitive inhibition constant 

Km 

Leu 

Lys 

Michaelis Menten constant 

Leucine 

Lysine 

M 

Met 

Molarity (mol/l) 

Methionine 

Min Minute 

NMR Nuclear magnetic resonance 

NTP Nucleosidtriphosphat 

PAGE Polyacrylamid gel electrophoresis 

PBS 

PCR 

Phosphate buffered saline 

Polymerase chain reaction 

PDB Protein data bank 

pH 

Phe 

Pro 

Potentialis hydrogenii 

Phenylalanine 

Proline 

R-factor Reliability factor 

RMSD 

rpm 

Root mean square deviation 

Revolutions per minute 
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SDS 

Ser 

Thr 

Tris 

Trp 

Tyr 

Sodiumdodecylsulfate 

Serine 

Threonine 

Tris(hydroxymethyl)-aminomethane 

Tryptophane 

Tyrosine 

Val Valine 

w/v Weight per volume 

WT wild type 

X-ray Electromagnetic radiation, also called Röntgen radiation 

(wavelength: 10 ï 0.01 nanometers, typical wavelengths used for 

X-ray crystallography are around 1 Å (= 0.1 nanometer), which is 

in the range of covalent chemical bonds.) 
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1 Motivatio n 

1.1 Background 

Protein crystallography is a powerful tool in drug discovery and development and is 

applied for, e.g. the determination of de novo protein structures as well as the 

investigation of protein-ligand complexes. The crystallographic analysis of unknown 

protein structures can help to understand in case of enzymes the involvement of the 

essential amino acids in the catalytic mechanism and reveal crucial substrate binding 

pockets that should be addressed by inhibitors. The investigation of protein-ligand 

complexes can provide exact spatial positioning of the compound within the active site 

helping to understand the key interactions of inhibition.   

However, the application of protein crystallography was limited by several parameters 

in the past. Apart from the challenging identification of crystallization conditions, the 

application of protein crystallography required time consuming data collection and huge 

computational resources for structure refinement. To minimize this experimental effort, 

further analyses are performed in drug discovery. Prior to structure determination 

another faster screening method is preceded in order to achieve a pre-selection of 

promising compounds that are subsequently analyzed by crystallographic experiments. 

Besides these expenses, the number of experiments that are necessary for successful 

determination of a protein-ligand complex can vary from case to case. Parameters, such 

as ligand size, ligand solubility and crystal stability take inherent impact on the success 

of the crystallographic experiment.  

Especially protein complexes with rather small molecules (molecular weight < 250 Da), 

so called fragments, are usually difficult to determine. Along the refinement process the 

localization of the compound within the active site is determined by the difference 

electron density. Apart from the resolution, the quality of the density is mainly 

dependent on the compound affinity, the applied ligand concentrations and thus on the 

occupation of the ligand at its position. Compounds of increased molecular weight 

substituted with several functional groups can perform more interactions to the protein 

compared to a small fragment and thus result in better defined difference electron 
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density. Accordingly, it is well comprehensible that fragments which can occupy 

diverse binding modes within the same active site are not easily placed into a protein 

structure. The success rate of determining protein fragment complexes suffers from 

these multiple binding modes and therefore, increased crystallographic effort is required 

to screen for optimal crystallization conditions as often several soaking and 

cocrystallization experiments have to be performed. 

Systematical fragment screenings via protein crystallography were rather unusual in the 

past. Nevertheless, the entire field has been stimulated by a series of successful 

screenings using NMR. Stephen Fesik et al. first reported successful detection and 

utilization of fragments in drug design which became popular as the SAR-by-NMR 

approach (Structure-Activity-Relationships by Nuclear Magnetic Resonance) (Shuker, 

Hajduk et al. 1996). In their study, two-dimensional, isotope-edited NMR spectroscopy 

was used to detect two fragment leads that bind at two proximal sites on the protein 

surface. Using three-dimensional structural information about the bound ligands, the 

fragments were successfully joined together to produce a high affinity ligand.  

Nevertheless, in the last 10 to 15 years protein crystallography has advanced and 

emerged to a kind of routine analytical tool also applicable for screening purposes. The 

availability of synchrotron beam time and improved in-house radiation sources has 

increased remarkably and in combination with improved computing power the 

collection of 50 datasets within 24 hours is possible. In addition, low temperature data 

collection, robotic-systems for protein crystallization, fast protein-crystal mounting and 

diffraction screening as well as automated structure refinement tools support the speed 

of this method. The advancement in these technologies can also be demonstrated by the 

number of protein structures that are deposited each year in the protein data bank (PDB) 

(Figure 1.1). The number of structures that are uploaded to the PDB has increased 

annually reaching nearly 7500 structures in 2009. Actually, the collected and publicly 

available data only represent a fraction of the determined protein structures since 

pharmaceutical companies usually do not publish their data. The increasing impact of 

protein crystallography being an analytical tool allows application of this method for 

library screening without cumbersome, tedious pre-selecting experiments. Formerly, 
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only in very legitimate case of promising compounds exhibiting high affinity in a 

functional bioassay the crystallographic analysis was attempted.  

 

Figure 1.1 : Number of deposited protein structures in the Protein Data Bank (PDB; red: total; 

blue: year) (www.pdb.org ï 03/2010). 

1.2 Aims of this Thesis 

The aim of this thesis was to take advantage of these enhancements in protein 

crystallography and predominantly apply this method to a variety of rather diverse 

fragment-based experiments. How can interactions of proteins with small molecules be 

exploited? Are we able to, e.g. monitor in situ reactions via protein crystallography? 

Will a tethering approach increase the success rate of fragment-based crystallography?  

Carbonic anhydrase II has been selected as a model protein for these experiments as this 

enzyme has been studied exhaustively in our group. Several protein-ligand complexes, 

in most cases with high resolution, have been determined so far. Diverse experiments 

with small molecules should be performed and followed by protein crystallography. In 

principle, crystallographic investigation performed in each experiment should provide 

the structural basis to understand the processes executed in the active site of CA II and 

help to develop new approaches. 

The following issues have been investigated: 

1. Cloning, expression and mutagenesis of CA II : In order to perform the broad 

range of crystallographic studies, considering a scope of different mutant variants, 
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the gene coding for CA II has to be recombinantly available and modified by 

mutagenesis. The protein has to be accessible in high amounts to perform the 

planned crystallographic and in-solution experiments. 

2. Artificial copper center: One initial idea of this work was the introduction of an 

artificial copper center at the surface of CA II. Copper-coordinating protein 

residues should be introduced into the target protein via site-directed mutagenesis. 

The investigation of each mutation and Cu affinity experiments should be followed 

by protein crystallography revealing structural information about the formed 

complexes.  

3. In situ click chemistry: Addressing this metal center azide and alkyne building 

blocks should be brought to reaction to form a triazole product via Cu-catalyzed 

2+3 cycloaddition. The cycloaddition reaction should be illustrated in the same way 

allowing comprehension of the reaction by determining protein-reactants, protein-

intermediate and protein-product complexes. 

4. Tethering: The tethering method allows investigation of fragments with weak 

binding affinity by covalently attaching the compound via a thiole containing 

moiety to a surface exposed cysteine residue (Erlanson, Braisted et al. 2000). The 

screening of fragment libraries can be investigated by HPLC-MS analysis and 

protein crystallography. Via a computational docking approach a large fragment 

library should be pre-selected to a number of fragments feasible to synthesize 

which should be tested subsequently by different HPLC-MS experiments. The most 

promising compounds should be investigated crystallographically for their key 

interactions with the protein. This allows identification of scaffolds for different 

binding regions of CA II. Subsequently, the fragments should be enlarged to 

improve their binding affinity to finally release the compound from the tether.  

5. Investigation of a sulfamide inhibitor series: A series of sulfamides should be 

investigated with respect to their binding to the target CA II. Starting with 

compounds of fragment size the series is completed by inhibitors with a molecular 

weight of 350 Da. All  compounds were synthesized by Haake et al. and Winum et 
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al. and kinetically characterized by Supuran et al. Protein-ligand key interactions 

should be revealed by protein crystallography.  

6. Investigation of new zinc binding groups coordinating to the active site of CA 

II : The sulfonamide is the most prominent CA II zinc coordinating moiety and is 

present in the majority of all known CA II inhibitors. In this study different 

fragment-like zinc coordinating groups should be investigated for the affinity to CA 

II  and structurally characterized by protein crystallography.  
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2 Introduction Carbonic Anhydrase II  

2.1 Carbonic Anhydrases 

Carbonic anhydrases (CA) (EC 4.2.1.1) belong to the class of hydrolyases containing a 

catalytic active Zn
2+

 ion at the bottom of the binding pocket. CAs are ubiquitous present 

in all animals and plants as well as bacteria and divided into Ŭ-, ɓ-, ɔ- and ŭ-families: 

Ŭ-CAs are mainly present in vertebrates, also in plants, algae and some bacteria 

(Chegwidden and Carter 2000; Kerry and James 2000), ɓ-CAs mainly in leaves of 

plants in eubacteria, archaea and some algae, ɔ-CAs mainly in archaea and some 

eubacteria and ŭ-CAs in diatoms (Supuran and Scozzafava 2007). With a molecular 

weight between 28-30 kDa CAs catalyze the reversible hydration of CO2 to hydrogen 

carbonate: 

OH
2

CO
2 H

+
HCO

3
+ + -

 

The 16 different Ŭ-CA isoforms described so far in mammals, including homo sapiens, 

are involved in pH and CO2 homeostasis, respiration and transport of CO2/bicarbonate 

between metabolizing tissues and lungs, electrolyte secretion in a variety of 

tissues/organs, biosynthetic reactions (e.g. gluconeogenesis, lipogenesis and 

ureagenesis), bone resorption, calcification, tumorigenicity, and many other processes 

(Maestrelli, Mura et al. 2002; Supuran, Scozzafava et al. 2003; Stiti, Cecchi et al. 2008; 

Supuran 2008; Winum, Rami et al. 2008).  

The most prominent CA-isoenzyme, the carbonic anhydrase II (CA II) is located in 

many organs showing a very high catalytic efficacy.  With a transformation rate of 10
6
/s 

CA II belongs to the fastest enzymes known so far (Khalifah 1971). The direction of the 

reaction is pH dependent. At a pH above 7, CO2 is hydrated to hydrogen carbonate; 

below 7 the backwards reaction occurs (Silverman, Tu et al. 1976). At a pH between 7 

and 9 the enzyme shows the highest activity. 
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2.2 Structure of CA II  

2.2.1 Folding of CA II  

The ellipsoidal enzyme CA II exhibits the size of approximately 55 x 44 x 39 Å. 260 

amino acids participate in the primary structure of CA II. Determining the tertiary 

structure, Liljas et al. showed that the protein exists of only one domain (Lil jas, Kannan 

et al. 1972). The protein is divided by a 10-fold beta-sheet, which is the predominant 

secondary element (Figure 2.1). Besides two parallel strands the beta sheet is 

antiparallel.   

 

Figure 2.1: Tertiary structure of human  carbonic anhydrase II (Ŭ-helices; sheets; loops). The 

active site Zn
2+

 ion (grey sphere) is coordinated by three histidine residues. 

It has been shown via structure determination that there are no disulfide bridges present. 

Furthermore, all lysine residues are located at the surface of the enzyme which are in 

close contact to the side chains of the neighboring molecules. Within the folding pattern 

of CA II, there are two clusters formed by aromatic residues. The first cluster consists of 

four aromatic amino acids: Trp5, Trp7, Trp16 and Phe20. The other one is formed by 

eight residues Phe66, Phe70, Phe93, Phe95, Phe176, Phe179, Phe226 and Trp97. The 
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latter cluster is also present in carbonic anhydrase I and partially in carbonic anhydrase 

III  (Eriksson, Jones et al. 1988).  

2.2.2 Active Site of CA II  

The active site of CA II is amphiphilic. Without a bound ligand the binding pocket is 

filled by a network of water molecules which provides direct contact to the solvent 

surrounding of CA II. At the bottom of the 15 Å deep binding pocket the catalytic active 

Zn
2+

 ion is coordinated by three histidine residues. His94 and His96 coordinate with the 

NŮ-Atom, whereas His119 uses its Nŭ-Atom to interact with the metal ion. Via these 

primary histidine residues Zn
2+

 is connected to four additional amino acids. His94 (Nŭ1) 

forms a hydrogen bond to the oxygen atom of Gln92 (OŮ1) with a distance of 2.7 Å, 

likewise His119 (NŮ2) with the carboxyl side chain of Glu117 (OŮ2) at a distance of 

2.7 Å. Furthermore, His96 (Nŭ1) is in close contact with the backbone oxygen of 

Asn244 via an H-bond (2.8 Å) (Figure 2.2) (Christianson and Fierke 1996). A water 

molecule, most probably present as OH¯
 

ion, completes as fourth ligand the 

coordination geometry at the Zn
2+

 ion forming a distorted tetrahedron (Silverman and 

Lindskog 1988; Merz and Banci 1997). A further water molecule, the so called "deep 

water", is located in the conically shaped binding pocket. This water is displaced by 

CO2 during the catalytic reaction (Figure 2.2) (Eriksson, Jones et al. 1988). 

Thr199 adopts a fundamental role in the catalytic mechanism stabilizing the Zn
2+

 bound 

hydroxide ion via H-bonding. Additionally, it forms an H-bond to the substrate CO2 

(Figure 2.2 and Figure 2.3a). The substrate binding pocket is shaped by Val121, Val143 

and Val207 as well as Trp209, Thr200, Glu106, Thr199 and His119. Considering the 

entire amphiphilic binding pocket the amino acids can be divided into two groups 

according to their hydrophilic and hydrophobic properties. The hydrophobic portion 

consists of Ile91, Val121, Phe131, Val135, Leu141, Val143, Leu198, Pro202 and 

Leu204. The hydrophilic amino acids in the binding pocket are: Tyr7, Asn62, His64, 

Asn67, Gln92, His94, His96, Glu106, Glu117, His119, Thr199 and Thr200 (Figure 

2.3b). The active site Zn
2+

 ion can be replaced by a variety of metal ions. Only the Co
II
 

containing protein shows a comparable activity as the Zn
2+

 enzyme (approx. 50%). Cu, 
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Fe, Ni and Mn develop only minor or no activity while showing similar properties in 

size, charge and pKa-value compared to Zn
2+

.  

 

Figure 2.2 Substrate and active site water in the binding pocket of CA II  (PDB-code: 2VVA). The 

catalytic relevant residues are shown in stick representation (protein: C, N, O; ligand: C, O); Zn
2+

 ion as 

grey sphere; active site water molecule as red sphere. 

 

Figure 2.3 Active site of CA II. (a) Substrate and active site water in the binding pocket of CA II 

(PDB-code: 2VVA). The solvent accessible surface is shown in white; Zn
2+ 

is shown as grey sphere; 

water molecule as red sphere. Relevant residues and CO2 are shown in stick representation (protein: C, N, 

O; ligand: C, O). The binding pocket of CA II  can be divided into a hydrophobic (indicated by red line) 

and a hydrophilic binding region (blue line). (b) Amphiphilic binding pocket of CA II ; hydrophobic 

amino acids red sticks; hydrophilic residues blue sticks. 

Asn244

His96

His119
His94

Gln92 Val121

Val143

Val207

Trp205

Thr199

Thr200

Glu106

Glu117

2.8
3.5

2.8

2.5

2.1
2.0

2.0
2.0

2.7

2.7

a b



Introduction Carbonic Anhydrase II 

25 

 

2.3 Catalytic Mechanism of CA II  

During the catalytic mechanism the Zn
2+

 ion plays the central role. The impressive turn-

over rate of CA II is achieved by the local vicinity of all participating reactants. 

However, the actual mechanism is controversially discussed in literature (Silverman and 

Lindskog 1988; Hakansson, Carlsson et al. 1992; Kiefer and Fierke 1994; Jackman, 

Merz et al. 1996). The transient catalytic process cannot be investigated by X-ray 

diffraction techniques. The mechanism proposed by Lindskog was proven by extensive 

mutagenesis and QM/MM
1
 calculations (Figure 2.4) (Behravan, Jonsson et al. 1990; 

Alexander, Nair et al. 1991; Nair and Christianson 1991b; Nair and Christianson 1991a; 

Kiefer, Krebs et al. 1993; Krebs and Fierke 1993; Nair and Christianson 1993; Lindskog 

1997; Merz and Banci 1997; Toba, Colombo et al. 1999). 
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Figure 2.4  (a) Catalytic mechanism and (b) orientation within the binding pocket of CA II . The 

Zn
2+

 ion facilitates the deprotonation of the active site water (1). The emerging hydroxide ion performs a 

nucleophilic attack towards the CO2 molecule that is fixed by an H-bond to Thr199 and lipophilic 

interactions to Leu198, Val143 and Val121 (2). HCO3
- 

is formed next to the Zn
2+

 ion (3). The 

hydrogencarbonate ion is replaced by another water molecule and released into the solvent (4). The 

regeneration of the hydroxide ion at the Zn
2+ 

ion is mediated by a proton transfer via two additional water 

molecules and the histidine 64 residue (1). The function of this "proton shuttle" is dependent on two 

conformations that His64 can adopt (in- and out-positions).  

The residues that are important for the catalytic mechanism are on the hydrophilic side 

(Thr199, Glu106 and His64) and on the hydrophobic side (Val121, Val143, Leu198 and 

Trp209). The hydrophobic residues form a pocket which allows CO2 or the "deep 

                                                 
1
 QM/MM: Quantum Mechanical and Molecular Mechanical 
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water", respectively, to bind. The high catalytic rate is among others explained by the 

fact that after desolvation, CO2 is only loosely bound while the interaction to the NH 

group of Thr199 is formed by the CO2/HCO3¯ intermediate. Weak polar interactions to 

the Zn
2+

 ion help orienting the CO2 molecule within the binding pocket. Thereby, the 

Zn
2+

 bound OH¯ ion is not replaced by CO2. HCO3¯ is formed upon nucleophilic attack 

of OH¯ towards the immobilized CO2. Furthermore, it is proposed that Thr199 

functions as a kind of "doorkeeper" allowing only those anions to bind to the active site 

Zn
2+

 ion, which are able to form an H-bond to the side chain oxygen of Thr199 

(Christianson and Fierke 1996). The distinct H-bond acceptor functionality of Thr199 is 

induced by a strong H-bond of its hydroxyl proton to Glu106 (Merz 1991). Different 

mutations of Thr199 have shown a stabilizing effect on the HCO3¯/Zn
2+

-complex 

thereby inhibiting the fast dissociation of HCO3¯ to leave the binding pocket. This 

dissociation process is assumed to be the rate-determining step. An additional water 

molecule binding to the Zn
2+

 ion pushes the hydrogencarbonate out of the active site 

and after deprotonation it takes part in the next catalytic cycle of hydrating CO2. 

Mediated by two water molecules the residue His64 functions as a "proton shuttle" 

transporting the proton to the surrounding buffer solution. Crystal structure analysis at 

pH values of 5.7, 6.5, 8.5 and 9.5 revealed a pH dependent transition in conformational 

states of His64 (Nair and Christianson 1991b; Nair and Christianson 1991a). His64 

clearly rotates away from the binding pocket at a pH of 5.7. Furthermore, mutational 

studies exchanging His64 by diverse amino acids demonstrated that histidine is the best 

catalyst for the transformation of CO2 to HCO3¯ since it regenerates the active Zn
2+

- 

OH¯ form and shows the lowest pH dependency (Lindskog 1997). The kcat-values are 

pH dependent as shown by modifying the buffer medium (Silverman and Lindskog 

1988). At a pH value close to 8 the Lys64 mutant shows a five times decreased 

efficiency compared to the wild type while the Glu64 mutant is inactive. In contrast at 

pH 6 the Lys64 mutant is inefficient and the Glu64 mutant seems to be a 2-3 times more 

effective proton shuttle with respect to the His64 form (Engstrand, Forsman et al. 1992).  
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2.4 Carbonic Anhydrase Inhibitors  

2.4.1 Anionic Inhibitors  

Anions, such as HS¯, CN¯, NCO¯, N3¯, HSO3¯, I¯ and HCOO¯ develop in general 

only weak inhibition of CA II by coordinating to the active Zn
2+

 ion. There are three 

possibilities for the coordination to the metal: Displacement of the catalytic water 

molecule forming a tetrahedral geometry, or occupation of the fifth coordination site 

thus forming a distorted trigonal pyramidal geometry or equilibrium between both states 

is observed.  

Anions that provide a proton to coordinate to the OH
-
 group of Thr199 (HS¯, HSO3 )̄ 

displace the metal coordinating water molecule without affecting coordination 

geometry. The Zn
2+ 

coordination remains tetrahedral in a pH range of 5.7 to 8.0 

(Lindskog 1997). Upon displacement of the "deep water", HSO3¯ forms an additional 

H-bond to the NH-group of Thr199. 

Most proton free anionic inhibitors change only slightly the position of the Zn
2+ 

bound 

water molecule and do not affect the H-bond to Thr199. Anions such as nitrate bind in 

the vicinity of the metal pushing the water molecule aside. They form an H-bond to the 

NH-group of Thr199. Furthermore, nitrate occupies the fifth coordination site at the 

Zn
2+

 ion forming a distorted trigonal pyramidal structure (Mangani and Kansson 1992).  

2.4.2 Inhibitors of the Proton Shuttle 

Cu
2+

 ions and Hg
2+ 

ions develop an extraordinary inhibition mechanism. These 

coordinate to the imidazole nitrogen of His64 thereby prohibiting its function as a 

proton shuttle. With respect to CA II at pH 7.3 an IC50 of 0.5 µM was determined for 

Cu
2+

 binding.  

2.4.3 Hydroxamate Inhibitors  

For the compounds acetohydroxamic acid and trifluorohydroxamic acid the IC50 values 

against CA II were measured (IC50 (CH3CONHOH) = 47 µM; IC50 (CF3CONHOH) = 

3.8 µM) (Scolnick, Clements et al. 1997). Crystal structure analysis of a CA II ï 
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acetohydroxamic acid complex reveals a binding mode analog to the binding geometry 

known from sulfonamide inhibitors. The carbonyl oxygen of the hydroxamic acid forms 

an H-bond to the NH-group of Thr199 (Figure 2.5). The hydroxyl oxygen of Thr199 

operates as an H-bond acceptor towards the hydrogen of the hydroxamic hydroxyl 

group. Furthermore, the hydrogen atom of the Thr199 OH-group forms an H-bond to 

Glu106. The deprotonated nitrogen of the hydroxamic acid is tetrahedrally coordinated 

to the Zn
2+

 ion. By introducing suitable substituents this class of CA II inhibitors 

achieves inhibition in the nanomolar range (Scozzafava, Banciu et al. 2000). 

 
Figure 2.5 Binding mode of acetohydroxamic acid within the binding pocket of CA II . (a) in 

schematic representation (b) Crystal structure (PDB-Code: 2AM6). The solvent accessible surface is 

shown in white. Relevant amino acids and the ligand are shown stick representation (protein: C, N, O; 

ligand: C, N, O). Zn
2+

 is shown as grey sphere. Hydrophobic residues are indicated by the red line and 

hydrophilic residues by the blue line.  

2.4.4 Sulfonamide Inhibitors  

Sulfonamides show a highly conserved interaction pattern to CAs. The active site water 

molecule and the "deep water" are displaced and the sulfonamide group coordinates 

with its deprotonated nitrogen to the Zn
2+

 ion (Figure 2.6). The remaining hydrogen of 

the NH-group functions as a donor forming an H-bond to the side chain oxygen of 

Thr199. The first oxygen of the sulfonamide moiety acts as an acceptor forming an 

H-bond to the hydrogen of the main chain nitrogen of Thr199, while the second oxygen 

is in weak contact to the Zn
2+

 ion. The affinity of the sulfonamide is strongly modulated 

by the additional substituents connected to the sulfonamide. 
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Due to the binding mode of sulfonamides the substitution at the nitrogen of the primary, 

terminal sulfonamide group mostly leads to the loss of inhibitory potential (Krebs 

1948). Hence it is astonishing that Saccharin develops inhibition against CAs. In 

contrast to common sulfonamide CA-inhibitors, in the latter compound the sulfonamide 

moiety is endocyclic and neighbored by a carbonyl group. Thereby a sulfimide is 

formed decreasing the pKa-value for the NH-group to 1.5. 

 

Figure 2.6 Binding mode of dorzolamide within the binding pocket of CA II . (a) Schematic 

representation (b) Crystal structure (PDB-Code: 1CIL). The solvent accessible surface is shown in white. 

Relevant amino acids and the ligand are shown in stick representation (protein: C, N, O; ligand: C, N, O, 

S). Zn
2+

 is shown as grey sphere. Hydrophobic residues are indicated by the red line and hydrophilic 

residues by the blue line. 

2.4.5  Therapeutically Applied Carbonic Anhydrase Inhibitors  

For over 40 years acetazolamide (Figure 2.7) was applied as diuretic drug. However, 

since 1997 it is no longer approved for this indication. Inhibiting the carbonic anhydrase 

in the kidneys, acetazolamide decreases the resorption of HCO3¯ and consequently 

increases diuresis (Maren 1967). Classic CA-inhibitors 1-4 are also applied in the 

therapy of glaucoma. However, the systematic application of these unselective 

CA-inhibitors does not simply affect CAs in the eye. Also CAs in the kidney, the liver, 

the gastrointestinal tract, the pancreas and the brain are inhibited. This leads to 

undesired side effects such as anorexia, fatigue, depressions, renal calculi, 

gastrointestinal disorder and metabolic acidosis (Maren 1967; Supuran and Scozzafava 

2000). To prevent these side effects, topically administered sulfonamides that endow 

only a local effect in the eyes were developed in the 90s (5, dorzolamide, Trusopt® and 
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6, brinzolamide, Azopt®). These novel CA inhibitors show sufficient water solubility 

and adequate lipophilic properties to still pass the cornea (Maren 1995; Supuran and 

Scozzafava 2000). The classic CA-inhibitors 1-4 are not appropriate for the topical use 

since the concentrations reached at the target tissues are not sufficient. These 

compounds show either rather lipophilic or hydrophilic properties. Next to the therapy 

of glaucoma, acetazolamide 1 is also applied in the therapy of different forms of 

epilepsy, of cerebral oedema and of anoxia (Larson, Roach et al. 1982; Reiss and Oles 

1996; Carrion, Hertzog et al. 2001). Methazolamide 2, topiramate 7 and zonisamide 8 

are likewise used as anticonvulsant (Dodgson, Shank et al. 2000; Masereel, Rolin et al. 

2001; Supuran and Scozzafava 2002).  
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Figure 2.7 Therapeutically applied CA inhibitors. 1 acetazolamide, 2 methazolamide, 3 

ethoxzolamide, 4 dichlorphenamide, 5 dorzolamide, 6 brinzolamide, 7 topiramate, 8 zonisamide.  
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3 Cloning, Expression, Purification and Crystallization of CA II  and 

CA II  Mutants 

3.1 Introductory Remarks 

Cloning of the CA II gene was performed during a four week stay in the group of Prof. 

Pastorekova, Institute of Virology - Slovak Academy of Sciences (Bratislava). 

Subsequently, the expression system was optimized for high protein yields in our lab. 

Up to 30 mg pure protein can be achieved of 1 l expression culture. Site-directed 

mutagenesis allows creation of desired mutants.  

3.2 Cloning and Mutagenesis 

Cloning of CA II  gene: The gene coding for CA II was amplified by PCR from a 

construct, generously provided by the group of Pastorekova (12.2.1.1) applying the 

primers XhoICA2a and EcoRICA2s (Table 12.4). The PCR-fragment and the plasmid 

pGEX-4T1 (GE Healthcare) were each incubated with the restriction enzymes XhoI and 

EcoRI to create the sticky ends for ligation (12.2.1.2). After ligation (12.2.1.3) the 

plasmid was transformed into E.coli XL-2Blue (Table 12.5) competent cells and 

incubated for plasmid multiplication (12.2.1.5). A sequencing experiment showed that 

the sequence was identical to the original copy (Appendix 13.3). For high gene 

expression the plasmid was transformed into E.coli BL21 CodonPlus cells (Table 

12.5;12.2.1.5).  

Creation of CA II  mutants: All CA II mutants were made by site-directed mutagenesis 

using the expression vector containing the wild-type CA II coding region with the 

primer listed in Table 3.1 and in Table 12.4(12.2.1.4). The point mutations were made 

using the QuikChange II  Kit for site-directed mutagenesis. The mutations were 

introduced focusing on different objectives (Table 3.1). The mutants CA II-W5C, CA 

II-G63C, CA II-H64C, CA II-W5C-H64C and CA II-W5C-H64M were created in the 

context of in situ click chemistry to evaluate their affinity towards Cu ions monitored by 

protein crystallography. In order to perform tethering and tethering-assisted 

azide/alkyne cycloaddition experiments the mutant CA II-H64C was created. In 

http://www.sav.sk/index.php?lang=en&charset=ascii&doc=org-ins&institute_no=74
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addition several other mutations were introduced into the active site replacing amino 

acids that are relevant for the binding of typical CA II inhibitors.  

Table 3.1 Objective of constructs and primers used for cloning of CA II -WT and creation of 

CAII mutants.
2
 

Mutant  Applied Plasmid Primer Objective  

WT 

W5C 

G63C 

H64C 

W5C-H64C 

W5C-H64M 

W5C-H64C-H96E 

W5C-H64C-H96K 

W5C-H64C-E106L 

W5C-H64C-T198V 

H64C-H96K 

H64C-H96E 

H64C-E106L 

H64C-T198V 

pGEX-4T1 

pGEx-4T1-CA II 

pGEX-4T1-CA II  

pGEX-4T1-CA II  

pGEX-4T1-CA II -W5C 

pGEX-4T1-CA II -W5C 

pGEX-4T1-CA II -W5C-H64C 

pGEX-4T1-CA II -W5C-H64C 

pGEX-4T1-CA II -W5C-H64C 

pGEX-4T1-CA II -W5C-H64C 

pGEX-4T1-CA II -H64C 

pGEX-4T1-CA II -H64C 

pGEX-4T1-CA II -H64C 

pGEX-4T1-CA II -H64C 

EcoRICA2s/XhoICA2a 

CA2W5C s/a 

CA2G64C s/a 

CA2H64C f/rev 

CA2H64C f/rev 

CA2H64M f/rev 

CA2H96E f/rev 

CA2H96K f/rev 

CA2E106L f/rev 

CA2T198V f/rev 

CA2H96K f/rev 

CA2H96E f/rev 

CA2E106L f/rev 

CA2T198V f/rev 

Cloning of CA II  

2+3 C. 
3
 

2+3 C. 

2+3 C.  

2+3C./Tethering 

2+3 C.  

2+3 C.  

2+3 C.  

2+3 C.  

2+3 C.  

2+3C./Tethering 

2+3C./Tethering 

2+3C./Tethering 

2+3C./Tethering 

 

                                                 
2
  Plasmids have each been transformed into Xl2-blue and BL21Codon plus Cells. The strains are named: bacterial strain-vector-

gene; double and triple mutations were introduced in the equivalent single or double mutant. 

3
  2+3 C. = 2+3 Cycloaddition 
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3.3 Expression and Purification  

Gene expression: CA II and CA II mutants were expressed and purified according to 

the Glutathione-S-Transferase (GST) gene fusion system handbook (Amersham 

Biosciences) with the following adjusted protocol. A first 100 ml culture was incubated 

in the presence of 100 µg/ml amp and 34 µg/ml cam overnight at 37 °C. 10 ml of this 

solution was used to inoculate a 1000 ml expression culture with 100 µg/ml amp. 

Expression of the CA II glutathione-S-transferase fusion protein was induced at an 

optical density at 600 nm (OD600) of 0.6-0.8 with 2 mM IPTG, and incubation was 

continued for 4 h at 32 °C.  

Lysis: Cells were harvested by centrifugation at 5,000 rpm for 15 min at 4 °C. The cell 

pellet was resuspended with 100 ml PBS buffer (Table 12.3), which contained a 

protease inhibitor cocktail tablet and approximately 100 mg of lysozyme. After chilling 

for 30 min on ice, the cells were lysed by ultrasonic sonication using a Branson Sonifier 

250, applying 7 cycles of 2 min with duty cycle set to 70 and output control to 4. This 

solution was centrifuged at 20,000 rpm for 45 min at 4 °C and filtered (0.45 µM) to 

separate the soluble fractions from the insoluble material.  

Protein purification : The flow-rate along all purification steps was adjusted to a 

maximum pressure of 0.25 MPa. The sample was applied to a HiPrep GSTPrep FF 

16/10 column (GE Healthcare) at a flow-rate of 1 ml/min to ensure that all the fusion 

protein, which shows very low binding kinetics, binds to the sepharose (Figure 3.1). 

Afterwards the column was washed with 10 column-volumes of PBS buffer at a flow-

rate of 3 ml/min. For cleaving the GST-tag 500 I.U. of thrombin (from Beriplast, CSL 

Behring) were added with 1 ml/min and the column was slightly shaken for 20 hours at 

room temperature. After incubation, the target protein was eluted from the column with 

approximately three column-volumes of PBS at a flow-rate of 1 ml/min. The elution 

volume was mixed with the same volume of 100 mM Tris-HCl pH 7.4, 1 M NaCl 

buffer. This mixture was purified over a HiTrap Benzamidine column (Amersham 

Bioscience) to separate the thrombin from CA II. As a final purification step, the probe 

was applied on a HiLoad 26/60 Superdex200 size exclusion column (GE Healthcare) to 
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purify the target enzyme from any last impurity and change the buffer to 50 mM Tris 

pH 7.8. To monitor the different purification steps, the probes were controlled by SDS-

PAGE (Figure 3.2) (Laemmli 1970).  

The final purification of 1 l expression culture yielded approximately 30 mg CA II. 

Finally the GSTPrep column was washed with reduced gluthathione buffer to elute the 

GST-tag from the column and check for full thrombin cleavage. The purified enzyme 

was concentrated using Vivaspin20 (MW: 10 kDa) columns to a final concentration of 

10 mg/ml, which was used for crystallization experiments. For further measurements 

the enzyme was diluted to the required concentration using a 50 mM Tris-HCl pH 7.8 

buffer.  

 

Figure 3.1 Elution profile of CA II  and CA II  mutant purification.  The samples were applied on 

the column (first peak). After purification with 10 column volumes of buffer 500 I.U. of thrombin were 

added and the column incubated for 20 hours. Thrombin cleaves CA II  from the GST-tag which is eluted 

after incubation (second peak). Finally adding a reduced gluthathione buffer, the GST-tag can be eluted 

from the column (third peak). 

 

Figure 3.2 SDS-gel- Fractions of CA II expression: M: Marker (68 kDa, 45 kDa, 36 kDa, 29 kDa, 

24 kDa, 20 kDa 14 kDa, 6.5 kDa); 1: before induction; 2: after induction; 3: after lysis; 4: flow-through 

upon sample application; 5-7: fractions 1-3 upon elution of the target protein; 8: cleavage of the GST-Tag 

 

        sample application                protein elution      tag cleavage 

min 

mAU 
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3.4 Crystallization  

The CA II-WT crystals were grown using the sitting drop vapor diffusion method at 

18 °C by mixing 5 µl of the protein solution (~10 mg/ml) with 5 µl of a well solution 

(2.75 M (NH4)2SO4, 0.3 M NaCl, 0.15 mM p-chloromercurybenzoicacid 0.1 M Tris-

HCl pH 7.8). After a few days the crystallization drops were seeded with a seeding 

solution from old CA II crystals. Crystals appeared within 1 ï 4 weeks in space group 

P21 and took up to 6 months to reach their maximum size. Complex structures were 

obtained by cocrystallization of the enzyme with the compounds at concentrations of 

1 mM or soaking in 3 M (NH4)2SO4, 50 mM Tris pH 7.8 + 0.5 - 1 mM inhibitor. For 

cryoprotection, crystals were briefly soaked in mother liquor containing 25% glycerol 

(Acros organics).  

Since we have introduced certain cysteine residues at the surface of CA II, which could 

possibly be coordinated by the mercury, we applied for these mutants the following 

crystallization conditions: 2.75 M (NH4)2SO4, 0.1 mM Tris pH 7.8. As the mercury 

provides an exceeded crystal growth, the mercury-free crystallization of these mutants 

did not result in the typical crystal size, showing the shape of flat plates. However, the 

diffraction pattern showed still sufficient quality to collect in-house and synchrotron 

data sets.  
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4 Introduction of an Artificial  Cu Binding Site at the Surface of CA 

II : Pitfalls of Rational Design Finally Scooped by Serendipity  

4.1  Introductory Remarks 

The following chapter has been prepared for submission to a scientific journal. The aim 

of this study was the introduction of an artificial copper center at the surface of CA II. 

This metal ion should show catalytic effect on enzyme bound azides and alkynes to 

perform 2+3 cycloadditions. Protein Crystallography was mainly applied to evaluate 

different mutants. Altogether approx. 100 datasets were collected in the context of this 

project. Extensive protein mutagenesis, gene expression and crystallization experiments 

have been performed. 

4.2  Introducti on 

Carbonic anhydrase II is a zinc metalloenzyme that catalyzes the reversible hydration of 

carbon dioxide to bicarbonate. It is involved in a variety of physiological processes 

(Alberty and Hammes 1958). At the bottom of the 15 Å deep active site of CA II the 

catalytically relevant Zn
2+

 ion is coordinated by His94, His96 and His119. During the 

catalytic reaction also His64 plays an important role by shuffling protons from the 

binding pocket to the surface and vice versa (Steiner, Jonsson et al. 1975).
 
The 

preference of this residue to recognize and interact with positively charged species 

could be demonstrated by a recent crystallographic study in our group of a CA II 

inhibitor complex that revealed the density for a metal ion coordinating to this His64 at 

the rim of the binding pocket (s. also Chapter 6). According to the applied 

crystallization conditions it was identified as a Zn
2+

 ion.  

Already previously, it has been demonstrated that this residue is capable to experience 

the coordination of metal ions. Silverman et al. observed that Cu
2+

 ions inhibit human 

CA II through binding to a site remote from the active site zinc ion. Even though 

lacking crystallographic information they concluded that the copper ions bind tightly to 

His64 since the ion inhibits the catalytic mechanism without affecting the equilibrium 

rate of CO2 hydration (Tu, Wynns et al. 1981). Evidence for this hypothesis was 

provided later by a crystal structure of CA II  in complex with Cu
2+

 (Figure 4.1) 
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(Hakansson, Wehnert et al. 1994). Apart from replacing the active site zinc ion, a 

second Cu
2+

 ion is coordinating to His64 and His4 at a distance of approximately 2.5 Å 

each. The refinement revealed only partial occupation of the metal ion at this site. 

Obviously, occupancy is influenced by the applied pH conditions since the histidine 

residue needs to be deprotonated for copper coordination. Apart from Cu
2+

, also Hg
2+ 

is 

able to occupy this site while being coordinated by His64, Asp62 and a water molecule 

(Eriksson, Kylsten et al. 1988).  

 

Figure 4.1 Crystal structure of carbonic anhydrase II in complex with Cu
2+

 (PDB-Code: 1RZC). 

The solvent accessible surface of the protein is represented in white. Relevant amino acids are shown in 

stick representation (C, N, O). The copper ions are shown as brown spheres. The active Zn
2+ 

ion is 

replaced by Cu
2+

 while a second copper ion is coordinated by His64 and His4. 

Stimulated by these observations we were interested to transform this apparently weak 

secondary metal ion recognition site into a solid copper binding site. Introduction of a 

Cu center at the surface of CA II could establish new catalytic opportunities since Cu
+
 is 

able to catalyze a variety of chemical reactions, among these the 2+3 cycloaddition of 

an azide with an alkyne. The reaction results in the formation of a triazole. In previous 

studies based on cocrystallization and soaking experiments with Cu
+
 or Cu

2+
 solutions 

we were not able to reliably achieve full metal ion population at this binding site. The 

accommodated metal ion showed only weak coordination and partial occupation. In 

order to generate a firm catalytic site we decided to design by appropriate introduction 

of novel residues an artificial Cu center in the proximity of His64 and Trp5.  

Different approaches were successfully employed in literature for the design of artificial 

metal ion centers in the binding pocket of proteins. Schwarz et al. have shown that the 



Introduction of an Artificial Cu Binding Site at the Surface of CA II: Pitfalls of Rational Design Finally 

Scooped by Serendipity 

39 

 

introduction of histidyl residues at the antagonist-binding site of the human NK-1 

receptor gradually converts it into a high-affinity metal ion binding site (Elling, Nielsen 

et al. 1995). This procedure could be used as a general tool in structural and functional 

characterization of helix-helix interactions in G-protein-coupled receptors. Furthermore, 

by site-directed mutagenesis single amino acids or even entire turns were exchanged or 

introduced into the target protein (Regan and Clarke 1990; Klemba, Gardner et al. 1995; 

Pinto, Hellinga et al. 1997; Shields and Franklin 2004; Toyama, Sasaki et al. 2006). 

However, considering the small size of CA II it appears rather intractable to correctly 

predict the impact of such dramatic changes on protein folding simultaneously keeping 

the characteristics of this enzyme by replacing entire loops or inserting larger peptide 

chains. Therefore, we decided to apply a strategy based on rational design concepts. It 

appeared most promising to us to virtually copy the coordination geometry found in 

other copper coordinating proteins across to our case. 

We selected the copper centers found in two well-known biological systems. As our 

first model reference served the so-called ñtype Iò copper sites observed in blue copper 

proteins. These enzymes are involved in electron transfer, as they are capable to host the 

Cu ion in both oxidation states. In azurin, a prominent example, the copper is 

coordinated by two histidines and one cysteine residue with trigonal planar geometry 

exhibiting two additional weakly interacting groups in axial position (Figure 4.2) 

(Karlsson, Nordling et al. 1991). The additionally coordinating ligands can take 

important impact on the formation of the Cu center. They can stabilize certain oxidation 

states of the metal ion. In consequence, the redox potential of enzymes with such 

centers is dependent on the actual composition of the coordinating ligands (Li, Webb et 

al. 2004). Hellinga, Caradonna and Richards tried to introduce such a copper center into 

the binding site of thioredoxin from Escherichia coli by exchanging particular amino 

acids according to a computational prediction (Hellinga, Caradonna et al. 1991; 

Hellinga and Richards 1991). Following the computationally suggested site-directed 

mutagenesis into the fold of the target enzyme they were actually able to constitute a 

copper binding site at the anticipated place. However, the introduced artificial Cu
2+

 

center showed a coordination pattern deviating from the original design as they found 

two histidines and two additional carbonyl groups form the binding site to chelate the 
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metal ion. The especially introduced cysteine residues do not participate in the metal ion 

coordination. These results demonstrate that computational approaches are a good 

starting point and provide valuable suggestions; however, they hardly reflect all the 

impact amino acid mutations will develop on a highly functional biological system. The 

study suggests that a stepwise approach as planned in our case is perhaps a bit more 

conservative but provides higher conceptional flexibility since information gained upon 

a single mutation can be considered in subsequent steps of further design. 

 

Figure 4.2 Crystal structure of Azurin (PDB-Code: 2CCW). His48, His117 and Cys112 (C, N, O, 

S) form a trigonal-planar conformation coordinating the copper ion (brown sphere). Gly45 and a Met121 

are located in axial positions influencing the oxidation state of the ion.   

As the second reference system for our modeling considerations we selected the human 

metallochaperone HAH1, a small soluble protein, which delivers Cu
+
 ions to a target 

enzyme. HAH1 carries a Cu
+
-ion at its surface (Klomp, Lin et al. 1997; Pufahl, Singer 

et al. 1997; Jordan, Natale et al. 2000; O'Halloran and Culotta 2000; Puig and Thiele 

2002). This ion is coordinated by two cysteine residues at a distance of 2.2 Å each and a 

chelating angle of 152.5° (Figure 4.3). Both cysteines are located at the transition of a 

loop to an Ŭ-helix and they are separated by two amino acids (Cys12-Gly13-Gly14-

Cys15). In solution the copper ion appears to be coordinated by these two cysteine 

residues as the stoichiometry of the formed complex could be examined by EXAFS and 

isothermal titration calorimetry (ITC) while in the crystalline state two protein 
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monomers coordinate the ion via four cysteine residues (Ralle, Lutsenko et al. 2003; 

Wernimont, Yatsunyk et al. 2004). According to the latter structural data it appears 

reasonable that the introduction of two cysteine residues in similar fashion into CA II 

could allow creation of a copper
 
center in the target protein. Considering the mobility of 

amino acids at protein surfaces we can assume a certain flexibility of the introduced 

residues that might assist adaptation to form the correct conformation required for metal 

coordination. In contrast, too pronounced residual flexibility could instead be 

detrimental for efficient coordination and possibly the residues will escape the planned 

metal chelation. 

 

Figure 4.3 Crystal structure of Human metallochaperone HAH1 (PDB-Code: 1TL4). The copper 

ion (brown sphere) is coordinated by Cys12 and Cys15 (C, N, O, S). Both cysteines are located at the 

transition of a loop to an Ŭ-helix and are separated by two amino acids. 

Here, we present the introduction of an iteratively designed artificial Cu ion binding site 

at the surface of CA II. We created different mutants designed according to the above-

mentioned reference systems that actually show such centers. Following a stepwise 

approach, different mutants were subsequently created according to literature and the 

crystal structures obtained with our mutants. Our initial mutations were not yet 

competent to bind copper ions. Upon further mutations we finally obtained a copper 

center on the enzyme´s surface. Crystal structure analysis shows also in our case that the 

actually obtained coordination pattern deviates from the anticipated one: a square planar 

geometry is formed by three nitrogen and one oxygen atom, whereas participation of the 

especially introduced cysteine residues is not observed. An azide group, which has been 

covalently tethered to Cys64 via a disulfide linker, obviously assists the copper center to 

form.  
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4.3 Results  

In order to create an artificial metal ion binding site certain amino acids at the surface of 

CA II were exchanged. We started with single amino acid mutations, crystallized the 

mutated protein and used the obtained structural insights to plan our subsequent design. 

The enzyme was recombinantly produced, purified and either cocrystallized or after 

crystallization soaked with a Cu
+
 or Cu

2+
 metal ion solution, the applied concentrations 

ranged from 100 µM to 5 mM. The obtained geometry was characterized by protein 

crystallography, which enables a detailed analysis of the coordination properties of a 

potentially created metal binding site. 

Design of mutants: As a first step, which amino acid mutations of CA II could be 

competent to create the required geometry? Figure 4.4 shows the crystal structure of 

native CA II (PDB-code: 3D92). Our selected target residue His64 is located at the rim 

of the binding pocket typically adopting two conformations important for proton 

shuffling. The N-terminus of CA II (green loop) adopts a conformation in the spatial 

vicinity of this residue. It ideally exhibits some mobility that could be favorable to assist 

formation of the required metal ion coordination geometry. In type I copper centers two 

histidine and one cysteine residue establish a trigonal planar Cu coordination site. As 

cysteine residues are not only present in this Cu-binding site but also involved in that of 

our second reference protein we attempted introduction of such a residue as initial step. 

Spatially close to His64, CA II exhibits two additional histidine residues, His3 and His4 

(Figure 4.4c,d). Exchanging one of these residues by the favored cysteine should allow 

copper coordination. Furthermore, His10, also in the flexible part of the N-terminus, 

could be ideally located for coordination. Apart from the residues desired to form a 

trigonal planar coordination geometry, Met240 is found in a position to potentially 

interact as a coordination partner with a putative metal site. However, its accessibility 

will depend on the orientation of Phe230 which occupies the space between His64 and 

Met240. Finally, we decided to select Trp5 as a first candidate for cysteine introduction. 

Thereby His64, His3 and His4 could experience rearrangements of the N-terminus to 

adopt a geometry competent for metal coordination.  
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Figure 4.4 Crystal structure of carbonic anhydrase II.  (a) Overview of carbonic anhydrase II. The 

solvent accessible surface of the protein is represented in white in (a) and (b) (C, N, O, S). (b) The area 

for Cu-center introduction in surface representation from a close up view. (c) The area for Cu-center 

introduction in stick representation. The backbone of the flexible N-terminus is represented by a green 

cartoon, of the Cys64 region by a blue cartoon. (d) (c) rotated by 90°. 

Similar considerations propose exchange of His64 by a cysteine residue. Such mutation 

would reduce the distance of the anticipated copper center to the binding pocket of CA 

II . This center was planned to host possible reagents for further chemical reactions 

involving the newly created copper center. Considering the human metallochaperone 

HAH1 the described double cysteine mutant, exchanging His64 as well as Trp5 was 

also planned as a designed mutant.  
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Structural investigation of CA II -W5C: The W5C mutation was performed and its 

crystal structure shows Cys5 to be rotated away from His64 (Figure 4.5).  

 
Figure 4.5 Crystal structure of CA II  and CA II -W5C. (a) Crystal structure of CA II . The area for 

Cu-center introduction is shown in stick representation (C, N, O, S). The backbone of the flexible N-

terminus is represented by a green cartoon, of the His64 region by a blue cartoon. (b) Crystal structure of 

CA II-W5C (C, N, O, S). The 2Fo ï Fc map for the mutated amino acid is displayed a ů level of 1.0 as 

blue mesh. (c) (b) rotated by 90°. Cys5 is located at a distance of 3.2 Å to Asp19. A rotamer of Cys5 

experiences a distance of 5.1 Å to His64. (d) Crystal structure of CA II -W5C after Cu soaking in cartoon 

representation. The N-terminus experiences high mobility which is indicated by weak or missing electron 

density. The residues that are missing after the copper soaking are shown in red. 

The sulfur atom is oriented towards Asp19 with a distance of 3.2 Å. The geometry of 

His3 cannot be determined as no difference electron density is observed for this residue. 

Similarly, the preceding two amino acids experience very high flexibility and can 

therefore also not be defined in crystal structures. The mutant CA II-W5C suggests a 
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spatial arrangement of the involved amino acid which seems capable to form the desired 

copper center. A possible rotamer of Cys5 would experiences a distance of 5.1 Å to 

His64. The residual mobility of the N-terminus could assist formation of the 

coordination site. A trigonal-planar coordination with two histidine and one cysteine 

residue known from Pseudomonas aeruginosa azurin seems therefore achievable 

(Karlsson, Nordling et al. 1991). However, after soaking this mutant with Cu
+
 and Cu

2+
 

solutions (10 mM) binding of Cu ions to CA II-W5C was not observed. Moreover, the 

crystal structure does not show any density for the N-terminal residues (Figure 4.5d). 

The amino acids 1 to 19 are disordered and seem to adopt multiple conformations. The 

weakly defined electron density prohibits any identification of single amino acid 

conformations. 

Structural investigation of CA II -W5C-H64C: Taking HAH1 as a reference, the N-

terminal flexibility suggests introduction of a second cysteine mutation within this area 

of the protein. Therefore, His64 was exchanged as the next step (Figure 4.6a). The 

crystal structure of CA II-W5C-H64C reveals extensive conformational changes at the 

protein surface (Figure 4.6b, PDB-code: 3M1W). The N-terminus is shifted towards 

Cys64 as a disulfide bond is formed between Cys5 and Cys64. This disulfide bond is 

apparently fully established as it is indicated by a very well resolved electron density. 

The amino acids His4 and His3 experience high mobility as they are not visible in the 

diffraction pattern. Residues Tyr7 and the following ones are not affected by this 

mobility and adopt a conformation commonly found in many structures. 

From HAH1 it is known that the two cysteine residues coordinate the copper ion 

forming an angle of 152.5°. The observed terminal mobility of the CA II-W5C mutant 

provides the necessary prerequisite to accommodate Cu with reasonable affinity. Both 

cysteines should be able to arrange in the required manner. In order to verify this 

assumption the disulfide bond was reduced prior to Cu soaking. In previous 

thermostability measurements we were able to determine the TCEP and DTT 

concentration required for the disulfide reduction. In such an assay, the enzyme is 

gradually heated until denaturation of the protein is indicated. Shifts in the "melting" 

temperature correlate with enzyme stability. The experiment showed that in case of CA 



Introduction of an Artificial Cu Binding Site at the Surface of CA II: Pitfalls of Rational Design Finally 

Scooped by Serendipity 

46 

 

II -W5C-H64C 1.5 mM TCEP and 5 mM DTT are sufficient to reduce the disulfide bond 

(data not shown). The protocol to grow protein crystals involves several steps starting 

with protein expression, purification and concentration to finally crystallization. In each 

step disulfide bond reduction and copper center constitution were tested, separately. 

 

Figure 4.6 Crystal structure of CA II -W5C and CA II -W5C-H64C. (a) Crystal structure of CA II-

W5C. The area for Cu center introduction is shown in stick representation (C, N, O, S). The backbone of 

the flexible N-terminus is represented by a green cartoon, of the His64 region by a blue cartoon. (b) 

Crystal structure of CA II-W5C-H64C (C, N, O, S) superimposed with CA II-W5C (C, N, O, S). The 2Fo 

ï Fc map for the mutated amino acids is displayed a at ů level of 1.0 as blue mesh. The formed disulfide 

bond is indicated by an arrow. (c) b rotated by 90°. (d) Crystal structure of CA II-W5C-H64C (C, N, O, 

S) after disulfide bond reduction superimposed with the closed form (C, N, O, S) and CA II-W5C (C, N, 

O, S). The N-terminus readopts the original orientation. (e) (d) rotated by 90° (C, N, O, S). A rotamer of 

Cys5 is located at a distance of 6.1 Å to Cys64. 

Each thus treated protein charge was crystallized and tested for Cu center formation by 

X-ray crystallography. None of the produced crystalline samples showed the desired 

formation of the copper center. As the crystallization process of these CA II mutants 
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