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INTRODUCTION 

 

Cancer continues to be one of the major health and social-economic problems despite considerable 

progress in its early diagnosis and treatment. The therapy of cancer gone through major 

improvements in the recent decades. As a result of large scale screening projects started back in the 

60’s a number of anticancer agents were identified from natural sources. Among these molecules 

were the vinca alkaloids and taxanes. These group of agents were unique at time of their discovery 

since unlike to other molecules used at that time, their target was not the cellular DNA but 

specifically targeted the tubulin/microtubular network of the cells thus inhibiting mitosis. Two 

represantatives of these molecules, vinblastine and vinchristine, which are bis-indols isolated from 

Vinca roseus, are widely used in chemotherapy due to their amtimitotic effect. Similarly to other 

chemotherapeutic agents they exhibit toxic side effects. For this reason efforts were made at various 

pharmaceutical companies and research groups in designing synthetically modified vinca alkaloids 

to develop more effective drugs with fewer side effects. 

 

The KAR-2 

KARs are a series of semi synthetic bis-indol derivatives of vinblastine that block tubulin 

polymerization. Previous in vivo studies showed that they slow the growth of tumors yet exhibit 

lower toxicity to the host animal than does the parent compound vinblastine. Following a screen of 

these compounds at our research group, KAR-2 was selected as the most effective antimitotic agent.  

We demonstrated previously that natural vinca alkaloids (vinblastine, vinchristine) beside 

their anti-microtubular effect also show calmodulin (CaM) antagonist properties. KAR-2 and 

vinblastine bind to CaM with comparable affinity (both in the micromolar range). Unlike 

vinblastine, however, KAR-2 does not aboilsh CaM’s regulation of phosphofructokinase nor does it 

fully block the binding of a monospecific antibody to CaM. These data suggest that the complex of 

CaM with KAR-2 might have distinct structural and functional properties from that with 

vinblastine. 

 

Calmodulin (CaM) 

 

Calmodulin is a ubiquitous, Ca2+-receptor protein that regulates at least 100 different 

proteins and enzymes. CaM has two highly similar N- and C-terminal lobes, within each of which 

are two Ca2+-binding EF-hand motifs flanked by tightly structured domains . Upon binding Ca2+ 

ions, extensive hydrophobic regions become exposed to the solvent at each lobe, promoting the 

interaction of CaM with its target proteins. By assuming a new conformation upon binding Ca2+, 
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CaM transduces the signal of elevated intracellular Ca2+ levels to various target proteins. Its various 

target proteins include protein kinases and phosphatases, enzymes involved in secondary messenger 

synthesis and metabolism, citoskeletal proteins and transcription factors. Antagonists of CaM (e.g.: 

trifluoperazin (TFP), W-13, calmidazolium) differ in their chemical structure but their mechanism 

of action is similar: they bind to the hydrophobic pocket of CaM and inhibit the protein’s interaction 

with its target proteins. 

 

AIMS 

The aim of my Ph.D. work was to explain the unique pharmacological properties of KAR-2. The 

interaction of CaM with KAR- was in the focus in my work since previous results of our research 

group suggested that the anti-CaM properties of natural vinca alkaloids could be the reason for their 

undesired side effects. To this end, structural, functional and binding studies were planned By 

applying x-rax crystallography and spectroscopic techniques (NMR, circular dichroism) I wanted to 

characterize the structure of the CaM-KAR-2 complex and compare it with other CaM-drug 

structures. With the help of functional and binding studies I wanted to study the functional effect of 

KAR-2 binding on CaM target regulation. The results could be of great importance in developing 

novel synthetically modified vinca alkaloids with less undesired side effects. 
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METHODS 

• Proteins CaM, tubulin and TPPP/p25 were isolated from bovine brain using previously 

published methods. For the NMR experiments recombinant 15N labeled CaM was isolated from E. 

coli. 

• Circular dichroism spectroscopy. CD spectra were recorded with a JASCO J-720 

spectropolarimeter. Measurements were made at CaM concentration of 10 µM at 25 °C in a buffer 

buffer containing 200 µM CaCl2 using a cuvette with a 1-cm path length.  

• Phosphodiesterase Assay Ca2+-CaM-activated cAMP phosphodiesterase activity was 

assayed using an enzyme-coupled system where NADH decomposition was followed 

spectrophotometrically at 340 nm. 

• Binding studies with surface Plasmon resonance Surface plasmon resonance measurements 

were performed using a Biacore X instrument. The Sensor Chip SA (Biacore AB, Uppsala, Sweden) was 

used to immobilize biotinylated CaM. Target proteins were injected onto the surface in various 

concentrations. 

• Crystallization Crystals of the CaM:KAR-2 complex were obtained using the hanging drop method 

by co-crystallization of 1 mM CaM and an equivalent amount of KAR-2 in 10 mM HEPES buffer, pH 7.00 

containing 5 mM CaCl2. 24 conditions were tested. The pH was changed between 4.6 and 4.8, PEG4000 or 

PEG8000 was used as precipitating agent in the concentration range of 26-32%.  

• Determination and Refinement of X-ray structure  The structure determination was performed as 

part of a collaboration with the Laboratory of Structural Chemistry and Biology, Institute of Chemistry, Eös 

Loránd University. Data were collected at the European Molecular Biology Laboratory Outstation at the 

Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany) by dr. Veronika Harmat. The structure 

was solved by molecular replacement using the program MOLREP of the Collaborative Computing 

Project 4. Refinement was carried out with the REFMAC5 program, using restrained-maximum-

likelihood refinement and TLS refinement. ARP was used for automatic solvent building. Model 

building was carried out using the O program . The stereochemistry of the structure was assessed 

with PROCHECK . The atomic coordinates and structure factors were deposited in the Protein Data 

Bank with accession code 1XA5.  

• NMR spectroscopy The NMR experiments were performed in collaboration with the 

research groupf Dr. András Perczel at the Institute of Chemistry, Eötvös Loránd University. The 
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spectrum of CaM alone was measured first, after which it was titrated by the stepwise addition of 

KAR-2 solution. A ratio of 1 part CaM to 1.5 parts KAR-2 was reached in five consecutive steps, 

thereby ensuring the saturation of CaM with that ligand. At each step in the titration, a complete 

1H-15N HSQC spectrum was recorded. At the end of the titration, both total correlation 

spectroscopy and nuclear Overhauser effect spectroscopy spectra were measured.  
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RESULTS AND DISCUSSION 

 
 

1)  CD spectroscopy is an effective tool for studying structural changes of proteins. With this 

method I have shown that KAR-2 is able to bind to the CaM-TFP complex. When bound to 

the complex KAR-2 competes with the TFP bound to CaM at an interdomain position. The 

binding of KAR-2 doesn not have on effect on the primary TFP binding site in the C-

terminal lobe of CaM, thus allowing the formation of the KAR-2-CaM-TFP ternary 

complex. This is in contrast to the behavior of KAR-2’s parent molecule vinblastine, which 

perturbates the binding of TFP to the primary binding site. These results suggested a 

distinct binding site for vinblastine and KAR-2 on CaM. 

2) The potency of KAR-2 as an antagonist of calmodulin function is tested by the 

phosphodiesterase assay, a widely used method of measuring this property. Calmodulin-

dependent phosphodiesterase activity is completely eliminated by sufficient concentrations 

of TFP and vinblastine; KAR-2, by contrast, never decreased calmodulin dependent 

phosphodiesterase activity below 60 % of the starting level. Interestingly, when KAR-2 and 

TFP applied together at high concentrations KAR-2 reduced the inhibitory effect of TFP 

even at concentrations that would completely inhibit calmodulin-dependent 

phosphodiesterase activity in the absence of the former compound. I concluded that KAR-2 

functions as a “liberator” of inactivated calmodulin, counteracting the antagonist effect of 

TFP.  These results are in agreement with that of CD spectroscopy, thus the functional 

studies also suggest that KAR-2 interacts with a different binding domain of CaM from that 

targeted by TFP and vinblastine. 

 
3) I developed a new method for studying the interactions between CaM and its target 

proteins. Surface plasmon resonance experiments were carried out to characterize the 

effects of KAR-2 and other drugs on CaM’s interaction with target enzymes. To this end, 

biotinylated CaM is immobilized on a streptavidin-covered chip. This system is exposed to 

a mobile phase that contains aldolase as a target protein. The immobilized CaM was 

binding  aldolase in a Ca2+ - dependent manner, thus the CaM on the surface retained its 

flexibility which is crucial for target recognition. The measured affinity (Kd=0,3 µM) of 

aldolase to CaM was similar to previous data obtained with different methods. TFP 

prevents the binding of aldolase to immobilized CaM. By contrast, KAR-2 only partially 

inhibits the association of aldolase with CaM. In conclusion, these findings on protein 
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association agree with those of the functional and CD spectroscopic studies: both 

observations are explained by positing that KAR-2 and TFP target different domains of 

CaM. In the one case, the KAR-2-CaM-enzyme ternary complex retains a conformation in 

which CaM partially activates the bound enzyme. By contrast, TFP-CaM binary complex 

cannot bind to the target enzyme since TFP and the enzyme compete for CaM binding. 

 
4) Applying the aforementioned method I characterized the recently discovered interaction 

between CaM and TPPP/p25. The new target protein bound to the CaM-covered surface 

with higher affinity than aldolase. A unique feature of this interaction that it was insensitive 

to Ca2+ concentration, suggesting dissimilar mode of binding in comparison to other CaM 

targets ( e.g. phosphodiesterase, aldolase). This finding was further supported by the fact 

that neither TFP nor KAR-2 was capable of inhibiting the interaction between the two 

proteins. When TPPP/p25 was injected to the CaM covered surface along with it’s in vivo 

target protein, tubulin the binding was reduced, thus suggesting that the immobilized CaM 

and tubulin are competing for TPPP/p25. 

5) After the successful crystallization of CaM-KAR-2, the 3D structure of the complex was 

determined using x-ray crystallography. The resulting structure shows that the protein is in 

a closed compact conformation which resembles of that assumed by CaM when it is bound 

by TFP. Overlaying the CaM-KAR-2 and CaM-TFP structures clearly demonstrates that 

KAR-2 and the C-terminal-bound TFP are accommodated in distinct sites on CaM. Indeed, 

KAR- 2 is bound to a new structural moiety on the protein which is dissimilar to the 

previously known drug binding sites. A surprising effect of the interaction between KAR-2 

and CaM is that the two hydrophobic pockets are missing from the protein due to 

intradomain motions.  

6) As a result of titration 15N CaM with KAR-2 multiple peak displacements occured within the 1H-
15N-HSQC  spectra of the protein Among the peaks that have been assigned to specific residues, 20 

show significant changes in their chemical shift. Half of these represent residues in the N-terminal 

lobe of CaM, and the other half correspond to residues in the C-terminal domain. These data on the 

drug-protein complex in solution are consistent with the structure determined by X-ray 

crystallography: both lobes of CaM are involved in KAR-2 binding. The aforementioned changes of 

chemical shifts are caused either by the interaction of target amino acid residues with KAR- or by 

the domain closure of CaM and the emerging interface between its two domains. To distinguish 

between these two effects and to interpret the heterocorrelation NMR data, I made further 

comparisons between the data gathered by NMR spectroscopy and that obtained using X-ray 

crystallography. In summary, by comparing the crystallographic and NMR data it was possible to 
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interpret most of the shifts observed. As is observed independently by crystallography, our NMR 

results show that the CaM-KAR-2 complex is in a “closed” conformation. In solution, as in the 

crystal, binding of the KAR-2 ligand induces novel contacts between surfaces of the N-and C-

terminal domains of CaM. 

7) Using my results I developed a model which explains the unique behavior of KAR-2 in 

CaM-target protein/antagonist systems. As a consequence of the novel drug binding site, 

even when complexed with KAR-2, CaM can still bind TFP or target protein, explaining 

the “non-competitive” and “non-antagonist” behavior of KAR-2. Unlike the situation with 

TFP and vinblastine, we found that KAR-2 never fully blocks CaM from activating 

phosphodiesterase. The results of functional and binding studies concordantly suggest that 

KAR-2 bound CaM retains its activity, thus able regulate its target proteins. This theory is 

also supported by the liberator effect of the drug. The lack of anti CaM potency of KAR-2 

could be the reason for the milder undesird toxic side effects experienced in in vivo.  
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