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Abstract

Two proline-thiosemicarbazone bioconjugates with excellent aqueous solubility, namely 3-methyl-(S)- 

pyrrolidine-2-carboxylate-2-formylpyridine thiosemicarbazone (L-Pro-FTSC or (5)-H2L) and 3-methyl- 

(f?)-pyrrolidine-2-carboxylate-2-formylpyridine thiosemicarbazone (D-Pro-FTSC or (/?)-H2L J have been 

synthesized and characterized by elemental analysis, one- and two-dimensional 1H and 13C NMR 

spectroscopy and ESI mass spectrometry. The complexation behavior of L-Pro-FTSC with copper(II) in 

aqueous solution and in 30% (w/w) dimethyl sulfoxide/water mixture has been studied via pH- 

potentiometry, UV—vis spectrophotometry, EPR, H NMR spectroscopy and spectrofluorometry. By the 

reaction of copper(II) acetate with (5)-H2L and (R)-H2L in water the complexes [Cu(S,i?)-L] and 

[Cu(I?,5)-L] have been synthesized and comprehensively characterized. An X-ray diffraction study of 

[Cu(.S',/i)-L] showed the formation of a square-pyramidal complex with the bioconjugate acting as a 

pentadentate ligand. Both copper(II) complexes displayed antiproliferative activity in CHI ovarian 

carcinoma cells and inhibited the Topoisomerase Ila activity in a DNA plasmid relaxation assay.

Introduction

Thiosemicarbazones (TSCs) are efficient metal chelators and their coordination chemistry is well 

developed, 1 2 especially for the first row transition metal ions, e.g. iron(II), copper(ll) and zinc(Il).3 High 

affinity to certain metal ions also makes them useful for analytical purposes.4A salient feature of TSCs is 

their broad-spectrum biological activity, e.g., antineoplastic, antimalarial, antibacterial, antiviral and 

antifungal.2 5 Their anticancer activity was discovered in the 1950s when some compounds of this class 

were found to possess antileukemic properties in a mice model.6 To date the most studied representative 

is 3-aminopyridine-2-carboxaldehyde TSC (3-AP or Triapine), which has already been evaluated in 

several clinical phase I and phase II trials. Unfortunately, Triapine exhibited severe side effects like
n _i  |

methemoglobinemia, acute hypoxia and neutropenia, while only little response was observed. 

Ribonucleotide reductase (RNR), an enzyme catalyzing the rate determining step in DNA synthesis, 

namely the reduction of ribonucleotides to the corresponding deoxyribonucleotides by a radical 

mechanism, is most probably the main target for Triapine and related TSCs. Although 

thiosemicarbazones are good iron chelators, iron removal seems not to be the only mechanism for the 

RNR inhibition, since desferrioxamine (DFO), a strong chelator applied for the treatment of iron
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overload disease,16 is a weaker RNR inhibitor and far less cytotoxic than Triapine and related TSCs.17,18 

In addition, it was also shown that the iron(II)-bis{Triapine) complex is a more active RNR inhibitor 

than the corresponding iron(Hl) complex, which is able to quench the tyrosyl radical in the active center 

of RNR due to the formation of reactive oxygen species (ROS).19’20 Recently, it was reported that the 

tyrosyl radical may be quenched directly by the Fe(II) complex without the involvement of oxygen.21 

Another established target for some TSCs is Topoisomerase Ila (Topo Ha), an enzyme regulating DNA 

topology during cell division.22-25 A series of a-TV-heterocyclic TSCs exhibited strong affinity to the 

enzyme ATP binding pocket and the antiproliferative activity was found to correlate with Topo Ila 

inhibition,26 Some a-heterocyclic thiosemicarbazones, e.g,, 2-formylpyridine thiosemicarbazones, show 

Topo Ila inhibition activity, which is enhanced by complexation with copper(II) and formation of 

square-planar complexes.27 Type II Topoisomerases are the target of a broad range of clinically used 

anticancer drags.26 The dual action mode as RNR and Topo Ila inhibitor might be a very promising 

strategy in fight against cancer.29

Since TSCs are potent chelators, a great variety of complexes has been isolated and characterized in the 

solid state.30 Much less is known about the complexation behavior of TSCs in aqueous solution, 

especially at physiological pH .31 ” The generally low aqueous solubility of TSCs precluded such 

investigations, which are of primary importance for the understanding of the mode of action of TSCs as 

potential chemotherapeutics.

One of the challenges in this field is the design of novel TSCs as strong chelators and synthesis of metal
•>¿r

complexes with enhanced aqueous solubility, which are a priori oriented towards cancer specific 

targets.37 Recently, we have shown that salicylaldehyde thiosemicarbazone (STSC) can be coupled to L- 

or D-proline (Pro) leading to conjugates with good chelating properties and improved aqueous solubility. 

As a result detailed studies on the stoichiometry and thermodynamic stability of iron(II), iron(III), 

copper(II) and zinc(II) complexes with the Pro-STSC conjugates in water/dimethyl sulfoxide (DMSO) 

mixture by various techniques were performed and data obtained were compared with those of the 

reference compound STSC.32,33 These Pro-STSC conjugates showed moderate cytotoxic potency with 

IC50 values of 62 and 75 ¿/M, respectively, in ovarian carcinoma CHI cells and >100 //M in colon 

carcinoma SW480 cells. However, their coordination to copper(II) resulted in a 5- to 13-fold increase in 3

3
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cytotoxicity in CHI cells, based on a comparison of IC50 values, while in SW480 cells the enhancement 

of the antiproliferative activity was even higher. In both tested cell lines, L-Pro-STSC as well as its 

copper(II) complex showed slightly stronger antiproliferative activity than the compounds with a D-Pro 

moiety, yielding 1C50 values of 4.6 and 5.5 //M for |Cu(l.-Pro-STSC)CI|CI in CHI and SW480 cells, 

respectively.32 These results, which are very encouraging, prompted us to explore this approach further 

by coupling 2-formylpyridine thiosemicarbazones (FTSCs), which are known to show cytotoxicity in
i c  a o  QQ

the nanomolar concentration range, J ’ to L- or D-proline and to study the effect of this structural 

variation on aqueous solubility, coordination behavior, thermodynamic stability of metal complexes, 

cytotoxicity and Topo 11a inhibition properties in comparison to those of L- and D-Pro-STSC.

Herein we report on the synthesis, spectroscopic characterization and evaluation of the biological 

activity of two enantiomerically pure L- and D-proline-2-fonnylpyridine thiosemicarbazone (FTSC) 

conjugates with excellent aqueous solubility, namely 3-methyl-(.S)-pyrrolidine-2-carboxylate-2- 

formylpyridine thiosemicarbazone (L-Pro-FTSC or (Sj-IHF) and 3-methyl-(/?)-pyrrolidine-2- 

carboxylate-2-fonnylpyridine thiosemicarbazone (D-Pro-FTSC or (/ij-LFL) and their copper(II) 

complexes. In addition, solution equilibrium studies of the complexation of L-Pro-FTSC with copper(II) 

in aqueous solution have been performed by pH-potentiometry, UV-vis spectrophotometry, EPR, 'H 

NMR, circular dichroism (CD) spectroscopy and spectrofluorometry. Speciation was also investigated in 

30% (w/w) DMSO/H2O solvent mixture for comparison. Antiproliferative activity was studied in two 

human cancer cell lines and Topoisomerase Ila inhibition was evaluated for both ligands and their 

corresponding copper(ll) complexes in a DNA plasmid relaxation assay.

Results and Discussion

Synthesis and characterization of chiral thiosemicarbazones. The chiral thiosemicarbazone-proline 

conjugates have been prepared in six steps as shown in Scheme 1. First 6-chloromethylpyridine-2- 

carboxaldehyde C was synthesized in two steps starting from 2,6-dihydroxymethylpyridine A according 

to published procedures40 To prevent the aldehyde from the nucleophilic attack of the proline 

methylester, the aldehyde group was protected by using a standard procedure.41 The reaction of D with 

L- and D-proline methylester gave E in good yield (84% for the L- and 61% for the D-enantiomer) by
•ao

following a slightly modified literature protocol. ~ Deprotection of the aldehyde and the hydrolysis of

4
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42the methyl ester function with formation of F have been accomplished in water in a quantitative yield. 

The use of dry ethanol was crucial for the isolation of thiosemicarbazone-proline conjugates FEL 

resulted from condensation of the aldehyde F with thiosemicarbazide, because this highly hydrophilic 

product does not precipitate in wet ethanol. One dimensional 1H and 13C NMR and two dimensional 'H- 

'h  COSY, 'H -'h  TOCSY, 11-11 NOESY, ]H-13C HSQC and !H-13C HMBC NMR spectra were in 

agreement with the expected structure, enabling the assignment of all 'FT and I3C resonances. The purity 

of these compounds was further confirmed by elemental analyses. The ESI mass spectra recorded in a 

positive ion mode showed a strong peak at mfz 308 due to the [M + H]+ ion. The results of the pH-metric 

titrations (vide infra) suggest that L-Pro-FTSC is tribasic in the studied pFl-range and adopts a 

zwitterionic structure as shown in Scheme 1.

Scheme 1. Synthesis of chiral thiosemicarbazone-proline derivatives (5,)-H?L and (iij-FEL.“

“Reagents and conditions: (i) and (ii) see ref. 41; (iii) trimethyl orthoformate, methanesulfonic acid, 

methanol, 78 °C, 3 h; (iv) L- or D-proline methylester hydrochloride, triethylamine, TFLF/CFECF 1.5:1, 

40 °C, 12 h, purification by column chromatography; (v) water, reflux, 48 h; (vi) thiosemicarbazide, 

EtOH abs. 78 °C, 24 h.

Synthesis and characterization of the copper(II) complexes. By the reaction of copper(II) acetate 

monohydrate with both proline -  thiosemicarbazone conjugates in water the two complexes [Cu(5,i?)-L] 

and [Cu(/?,5)-L] have been isolated in 70 and 55% yield, respectively. Strong peaks at mlz 391 and m!z

5
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369 were attributed to [M + Na]+ and [M + H]+ respectively in the ESI mass spectra recorded in a 

positive ion mode. The structure of [Cu(.V./?)-L] was also established by X-ray diffraction.

X-ray Crystallography. The result of X-ray diffraction study of LCiiiXA’j-IJ^ tT O  is shown in Figure 

1. The complex crystallizes in the noncentrosymmetric orthorhombic space group P21212 j with one 

molecule of the complex and two water molecules in the asymmetric unit. The copper(II) complex has a 

square-pyramidal coordination geometry (x parameter is 0). The ligand acts as a pentadentate doubly- 

deprotonated one, binding to copper(II) via pyridine nitrogen N l, imine nitrogen N2, thiolato atom S, 

tertiary nitrogen N5, and carboxylato oxygen 01. Upon coordination of L-prolinate moiety to copper(II) 

via the nitrogen atom N5 the latter, in addition to C l2, becomes a chiral center. The literature data43 

show that in most cases the nitrogen atom adopts the same configuration as the asymmetric prolinate 

carbon. In rare cases, however, the nitrogen and the asymmetric carbon of the proline moiety adopt 

opposite configurations by coordination to metal or protonation of the nitrogen atom.44 In [Cu(S,P)- 

L]-2H20 the atoms C12 and N5 adopt opposite configurations, namely .ST/sC. A salient feature is the 

formation of four five-membered chelate cycles upon coordination of the ligand to copper(II). Three of 

them are essentially planar, while the fourth prolinic moiety adopts a half-chair confonnation.

Figure 1. ORTEP view of [Cu(.SV./?n)-L] with thermal displacement ellipsoids drawn at the 50% 
probability level. Selected bond distances (A) and bond angles (deg): Cu-N l 1.9443(14), Cu-N2 
1.9887(15), Cu-S 2.2741(4), Cu-N5 2.1312(14), C u-O l 2.2519(13), N2-N3 1.367(2), C7-S 
1.7527(19); N l-C u-N 2  79.82(6), N l-C u-N 5 81.38(6), N 5-C u-01 76.08(5), N l-C u -O l 96.04(6), 
N 2-C u-01 113.54(5), S-C u-O l 101.46(4).
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The complex is involved in intermolecular hydrogen bonding interactions as shown in Figure SI. The 

nitrogen atom N4 of the terminal amino group acts as proton donor in hydrogen bonds to oxygen atom 

04  of the water molecule and carboxylate oxygen atom OT of the adjacent complex, while the 

hydrazinic nitrogen N3 and carboxylate oxygen 02  are proton acceptors in strong hydrogen bonds with 

03 and 03 ' of neighboring water molecules, (atoms marked with i have been generated via symmetry 

transformation x  ~ 0.5, y + 1.5, -z  + 1).

Solution Chemistry

Aqueous solutions of [Cu(,S,i?)-L] and [Cu(/?,,S)-L] at physiological pH are found to be optically active 

and both enantiomers show Cotton effects (see Figure S2 in the SI). As expected, they are roughly 

mirror images over the 230-380 nm region of the circular dichroism (CD) spectra, while their UV-vis 

spectra are identical.

Proton dissociation processes and lipophilicity of the ligand L-Pro-FTSC. Proton dissociation 

processes of L-Pro-FTSC were followed by pH-potentiometry, UV-vis spectrophotometry and 

spectrofluorometry, as well as 1H NMR titrations in aqueous solution. The hydrolytic stability of the 

ligand was checked by consecutive pH-potentiometric titrations which showed that no ligand 

decomposition occurred in the pH range studied (pH 2.0-11.5) under the argon atmosphere. Although, 

this ligand consists of four functional groups (COOH, NproH+, NpyrH+ and NhydmzinicH, see Scheme 1), 

which presumably dissociate, only three proton dissociation constants could be determined (Table 1) in 

the pH range studied. Based on the pKa values of structurally similar TSCs, such as FTSC and L-Pro- 

STSC), ’ low pKa values are expected for the COOH and NpyrH moieties, while significantly higher 

values for the NproH+ and NhydrazíaicH functionalities. pA'a values were measured in 30% (w/w) 

DMSO/H2O solvent mixture as well, and found to be comparable to those obtained in neat water. 

However, pK\ is slightly and pKy is markedly higher in the presence of DMSO (Table 1). These changes 

indicate proton dissociation of neutral functional groups such as COOH (pA3) and NhydrazinicH (pK¡). At 

the same time pK^ shows practically no solvent-dependent change suggesting an isoelectronic 

deprotonation process such as NPl0H+ NPro + H+. The proton dissociation steps of L-Pro-FTSC were 

assigned to the different functional groups by the careful analysis of the results of the UV-vis and ’H 

NMR titrations. The pH-dependent UV-vis spectra recorded between pH 2.0 and 11.5 show

7
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characteristic spectral changes at pH < ~2.5 and pH > ~9.5, while spectra remain unchanged in the 

middle pH range (Figure 2A,B).

Table 1. Proton dissociation constants ( pAY) of the ligand L-Pro-FTSC determined by various methods“ 

{7=298 K, /  = 0.10 M (KC1)}.

pH-metry UV-vis 'h n m r

P*i 1.86(2); 2.13(2)b - -

pK2 8.78(2); 8.74(2)b - 8.84(2)

pK3 11.08(2); 11.43(l)b 11.03(1) 11.04(1)

aThe numbers in parentheses are standard uncertainties of the quoted pA'a 
values.b Determined in 30% (w/w) DMSO/FFO

>crmo
tro)3O0ÛÏ
O n)01
3
3
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Figure 2. UV-vis absorbance spectra of L-Pro-FTSC recorded in the pH range of 2.0 -1 1 .5  (solid lines) 

and at pH 1.00 (dashed line) (ci = 0.113 mM; T = 298 K; /  0.10 M (KC1); / = 1 cm) (A);

Concentration distribution curves for ligand species with the pH-dcpcndcnce of absorbance values at 

354 nm (x) (B); Molar absorption spectra of the individual ligand species (HL , L ) (C).

The deprotonation of the COOH (and NpmI I ' in the basic pH range) are not expected to be accompanied 

by significant spectral changes, unlike NpyrH+ and hydrazinic-NH. Spectra recorded at pH < -2.5 

showing some changes suggest that the NpyiH+ deprotonates along with COOH. On the other hand the 

NhydrazinicH of the thiosemicarbazide moiety releases most probably the proton at pH > ~9.5, and the 

negative charge is mainly localized on the S atom via thione/thiol tautomeric equilibrium. It is worth 

noting that the individual molar absorbance spectra of the HL and I.' forms (Figure 2C) show strong 

similarity with the spectra of the corresponding species of FTSC considering the /lmax values and the 

position of the isosbestic point.34 Besides the individual spectra of the ligand species (HL and L2 ), p^3 

value was also calculated on the basis of the deconvolution of the spectra recorded (Table 1). Good 

agreement with the data obtained from the pH-potentiometric data should be mentioned.

The pH-dependent 1H NMR spectra of the ligand (Figure 3) revealed that certain proton resonances are 

quite sensitive to stepwise deprotonation (Figure S3 in the SI). Namely, the first deprotonation step 

results in small changes of the chemical shifts (<>) of the C8/ /o f  the Pro moiety, as well as CI3//=N, and 

the pyridine ring protons, suggesting the concurrent deprotonation of NpyrH+ and COOH at pH < ~ 2.5. 

The second deprotonation is also accompanied by significant electronic shielding effects, such as the 

upficld shift of the C liH=N, C4//,Ar) and the proline ring CH2 , C1 Hi and C8/ /  protons, while the signal of

ACS Paragon Plus Environment
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the C6ii(Ar) proton remains intact. Further changes were observed at pH > ~10 due to the third 

deprotonation step, especially in the case of the C 'V /-N  proton signal showing a considerable downfield 

shift upon increasing the pH, while the position of the peaks of the proline ring CH2, C1 Hi and Q'H  

protons remains unaltered. Based on the shift of the position of the CUH=H, C6//(Ar) protons, pK2 and 

p^3 have been calculated. The values obtained correspond well to those resulted from the other methods 

(Table 1).

Figure 3. Low- (a) and high-field (b) regions of the 1H NMR spectra of the L-Pro-FTSC at different pH 

values (cl = 1.0 mM; T = 298 K; /  = 0.10 M (KC1); 10% 1)20). Symbols: •: Cf7/,Ar!; °: C4//,Ar.: □: 

C5H(a#  ■: C13iT=N; ♦: C7H2; x; CSH ; 0: CnH2; A: C9H2; *: C l0H2.

1 1Note that the C Hi protons are displayed in H NMR spectra as two doublets because of the non

equivalent orientation in space of the two protons. On the other hand the peaks belonging to C4//(Ar) and 

the proline ring CH2 protons appear in two sets at pH < -7.5 most probable due to the presence of Z and 

E  isomers of the ligand and slow isomerization processes with respect to the NMR time scale (ti/2.(obs) > 

~1 ms). These peaks start to broaden at pH > ~7.5 up to pH ~ 9 and only one set of signals is seen at pH 

> -9  owing to the faster isomerization or the presence of only one kind of isomer.

10
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The results of the UV-vis and 1H NMR titrations indicate that the COOH group and NpyrH_ have quite 

low pKa values (p/va «  2) and can be considered deprotonated at pH < 3. pA). pAf and p/s.3 most 

probably belong to the deprotonation of COOH (partly overlapped with the deprotonation of NpyrH+), 

NproH+ and the hydrazinic-NH, respectively (Scheme 2). In addition, the pK.d values of the initial 

aldehyde F in Scheme 1 were determined in neat water (pA) = 2.19(4) and pA? = 8.91(2)). These can be 

attributed to the deprotonation of the COOH (overlapped with that of NpyrH+) and NproH+ moieties, 

respectively. Due to the lack of the hydrazinic-NH in this aldehyde, these data provide unequivocal 

evidence that the pAT of L-Pro-FTSC belongs to the deprotonation of hydrazinic-NH.

HOOC -OOC12 -OOC -OOC

nh2 jnh2 nh2 nh2
H3L+ 11,1 HU L2-

Scheme 2. Deprotonation steps of H,L (relevant for both Pro-FTSC enantiomers). In the first step 

deprotonation of NpyrH' does overlap with that of COOH.

L-Pro-FTSC possesses intrinsic fluorescence due to its extended conjugated electronic structure (see 

Figure S4 in the SI). The fluorescence emission increases with increasing pH reaching a maximum at pH 

~ 7.5, while the second and third deprotonation steps are accompanied by decrease of the emission 

intensity (see Figures S4B in the SI).

The hydrophilic character of the ligands L- and D-P10-FTSC was studied at pH 7.4 via the partitioning 

between n-octanol and water. The ligands were found to be very hydrophilic and practically no ligand 

could be detected in the organic phase after partitioning. Therefore, only a threshold limit could be 

estimated for the distribution coefficients (D) of the ligands, thus logD7.4 < -1.7. This low logD7 4 value

11
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is manifested in enhanced aqueous solubility compared to other chemically related TSCs, such as L- and 

D-Pro-STSC (log/^74 = -0.56 (L). -0.60 (D)),32 or Triapine (logZi>74= +0.85),33 which allowed us to 

perform the equilibrium studies in neat water. At physiological pH the L-Pro-FTSC ligand is mainly 

present in its neutral form (96% H2L, 4% HL ; see Figure 2B), but adopts a zwitterionic structure.

The 1 ipophil icity of the copper(TI) complexes of both ligands was also studied at physiological pH, but 

their strong hydrophilic character did not allow the accurate determination of the values (logZT 4

< -1.7).

Complexation reactions of copper(II) with L-Pro-FTSC. The complex formation processes were 

studied primarily by pH-potentiometry in water. The proton displacement by the metal ion due to the 

complex formation is almost complete already at the starting pH value (pH ~2), indicating the high 

stability of the copper(II) complexes formed with L-Pro-FTSC. The stoichiometries and the cumulative 

stability constants of the metal complexes furnishing the best fits to the experimental data are listed in 

Table 2. The stability constant of the species [CuLH]+ was determined by UV-vis spectrophotometry on 

individual samples in which the KC1 was partially or completely replaced by HC1 to maintain the ionic 

strength constant in the pH range 0.9 -  2.0, and the changes of the metal-to-ligand charge-transfer (CT) 

bands were followed (Figure 4). Then the detennined log/? of [CuLH]+ was kept constant during the pH- 

potentiometric data evaluation. Data in Table 2 reveal that copper(II) forms merely mono-ligand 

complexes with L-Pro-FTSC and there was no indication for the formation of bis-ligand complexes.

Table 2. Cumulative stability constants (log/? (MpLqHr)) of the copper(Il) -  L-Pro-FTSC complexes in 

water and in 30% (w/w) DMSO/H2Oa {T=  298 K, /  = 0.10 M (KC1)}.

[CuLH]+ [CuL] [CuLH-,]' pMb

h 2o 24.03(3/ 21.64(1) 9.59(4) 17.5

30% (w/w) DMSO/H2O 24.80(2/ 22.85(2) 10.03(9) 18.4

aThe numbers in parentheses are standard uncertainties of the quoted log/? values 
determined by pH-potentiometry. b pM = -log[M] at pH 7.40; Cl/cm = 10; cM = 0.001 
iuM.c Determined by UV-vis spectrophotometry from spectra recorded at pH 0.9-2.0.
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Figure 4. UV-vis absorbance spectra of copper(II) — L-Pro-FTSC system recorded in the pH range 0.94 

-  1.94 (cL = 0.042 mM: M:L = 1:1; T = 298 K; /  = 0.10 M (KC1); l = 1 cm).

Complexation of copper(II) with L-Pro-FTSC was also studied in a 30% (w/w) DMSO/H2O solvent 

mixture for comparison, since this medium was applied for metal ion -  TSC systems in our previous 

works, where the ligands and their complexes exhibited much lower aqueous solubility.’2- The 

speciation of copper(II) -  L-Pro-FTSC complexes in the presence of the 30% (w/w) DMSO was found to 

be quite similar, but not identical with that in neat water (Table 2, Figure 5).

Figure 5. Concentration distribution curves of the copper(II) -  T-Pro-FTSC system in water (solid lines) 

and in 30% (w/w) DMSO/H2O mixture (dashed lines) (c\ = 1.0 mM; M:L = 1:1; T = 298 K; 1= 0.10 M 

(KC1)).
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In order to compare the stability of the copper(II) complexes of L-Pro-FTSC with other metal 

thiosemicarbazonates at physiological pH, pM values have been computed (Table 2). The higher pM 

value indicates stronger chelating ability. pM stands for the negative logarithm of the equilibrium 

concentrations of the free metal ion under certain conditions. The pM value of the L-Pro-FTSC system is 

significantly higher than that of the L-Pro-STSC coordinated via the (CT,N,S_) donor atoms (pM = 

13.4)33 and the well-known TSC, Triapine with the (Npyr,N,S~) donor set (pM = 11.6)36 calculated under 

identical conditions at pH 7.40 for comparison in 30% (w/w) DMSO/H2O. The very high stability of the 

[CuL] complex of L-Pro-FTSC, which predominates at physiological pH even at the submicromolar 

concentrations, strongly suggests the possible coordination of the functionalities of the proline moiety 

such as the COO and proline-N in solution, in addition to the Npyr,N,S donor set of thiosemicarbazide. 

The pentadentate ( \ p>.r,N.S ,COO .Npn>) coordination mode of L-Pro-FTSC was also confirmed by 

single-crystal X-ray crystallography of the copper(II) complex (Figure 1). On the other hand in the 

species [CuLH]+ the non-coordinating hydrazinic-N atom is most probably protonated. [CuLI Lj | is a 

minor complex present only in the strongly alkaline medium. The fonnation of a mixed-hydroxido 

species was suggested, since the base consumption has exceeded the number of dissociable protons in 

the ligand.

In order to confirm the speciation obtained by the pH potentiometry and to gain information about the 

coordination modes of the L-Pro-FTSC in its complexes, UV-vis, EPR and CD spectroscopic 

measurements were performed.

UV-vis spectra for the copper(II) -  L-Pro-FTSC [CuL] complex recorded in the wavelength range 450 -  

800 nm (Figure S5 in the SI) display a d~d transition band which is partly overlapped with stronger 

S-Cu ligand-to-metal CT bands. The /.max value of the d -d  transition is decreased from 625 nm down to 

610 mil parallel with the formation of species [CuL] from [CuLH]+ upon increasing the pH from 2 to 3, 

and it becomes constant at pH > ~3 at 1:1 metal-to-ligand ratio. CD spectra in the wavelength range 530 

-  680 nm show characteristic pH-dependent changes (Figure S6 in the SI). The location of the minima 

of the peaks is shifted from 721 nm to 685 nm by increasing the pH up to ~3., but no more significant 

changes were observed by further increase of the pH.
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EPR spectra of copper(II) -  L-Pro-FTSC species in aqueous phase were recorded at various pH values at 

room temperature (Figure 6) and at 77 K (Figure S7 in the SI). They confirm the speciation obtained by 

the pH-potentiometry and reveal the coordination mode of the ligand in each copper(II) complex. The 

fitted experimental and individual spectra are depicted in Figure 6 . A simulation of the solution EPR 

spectra resulted in the individual isotropic EPR parameters of complexes [CuLH]+ and [CuL] (Table 3). 

The coordination of three non-equivalent nitrogen atoms can be unequivocally supported for both 

complexes. Although the nitrogen splitting is not fully resolved, the line shape was still indicative and 

the spectra could be fitted with a higher regression coefficient (R = 0.9954) by assuming three nitrogen 

donor groups instead of only two (R = 0.9933). Furthermore the low gQ values suggest the involvement 

of the thiolato (S ) group into the coordination. The formation constants obtained by the “two- 

dimensional” simulation of the EPR spectra are in good agreement with the pH-potentiometric results 

(cf. Tables 2 and 3).

Magnetic field [G]
3100 3200 ' 3300 ' 3400 3500 3600

Magnetic field [G]

Figure 6. Experimental (black trace) and simulated (red trace) EPR spectra recorded for the copper(II) -  

L-Pro-FTSC system in water (A); Calculated component EPR spectra obtained for copper(II) -  L-Pro- 

FTSC complexes (B) (cL = 1.0 mM; M:L = 1:1; T=  298 K; 1= 0.10 M (KC1)).
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The frozen solution EPR spectra of complex [CuLH]+ recorded in strongly acidic medium, could be 

fitted by assuming the usual elongated octahedral geometry of copper(ll) complexes. However, axial 

symmetry of the g- and 4-tensors was not sufficient, and rhombic symmetry has been taken into 

account. The largest nitrogen hyperfine coupling of the three non-equivalent nitrogen atoms could be 

determined from the simulation of superhyperfine structure well-resolved in the perpendicular range of 

the spectra (3200 -  3400 G in Figure 7A). These data also support the pentadentate 

(Npru.Npyr.N.S ,COO (axial)) nature of the ligand in [CuL] with a square-pyramidal coordination 

geometry established by X-ray diffraction. The frozen solution EPR spectra of [CuL] indicated a 

surprisingly different structure of the complex compared to that at room temperature. At 77 K the 

predominant fonnation of a dimeric [CU2L2] species could be detected. The half-field peak, measured at 

! 650 G, can be attributed to a double quantum transition (AMs = 2) of a coupled spin system, 

established by two neighboring copper(II) centres (Figure S7). The EPR spectra of the dimeric species 

are usually characterized by assuming a zero-field splitting in a triplet state with S=  1, and the axial (D) 

and rhombic (E) parameter of zero-field splitting is determined.45 This approximation can give reliable 

results, when the exchange coupling is much stronger than the copper hyperfine coupling (J > 5xACu). 

However, some features of the spectra cannot be described by this assumption. This is the case when the 

exchange interaction is in the order of magnitude of the copper hyperfine coupling (,J  ~ A). The exact 

solution of the Hamiltonian would solve these problems, although there are only few examples for the 

use of this possibility.46 Furthermore, the exact description of a coupled spin system can result in 

effective structural parameters, including the coppcr(II)-coppcr(II) distance and the orientation of the 

two y-tensors relative to each other, based on which the structure of a dimeric species can be proposed. 

The EPR spectra measured at pH > ~ 5 could be simulated by the complete diagonalization of the 

Hamiltonian of a two-spin system by the “EPR” program. (For program description see section “EPR 

measurements and deconvolution of the spectra” in the Experimental part). These measured spectra were 

described by the superposition of a dimeric and a monomeric species in a ratio of 92% to 8%, 

respectively (Figure 7).
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Magnetic field [G]

Figure 7. Experimental (black trace) and simulated (red trace) EPR spectra recorded at (r -L = 1 .0  mM; 

M:L = 1:1; T=  77 K; 1=  0.10 M (KC1) (A) pH = 2.0 and (B) pH = 5.3; Spectrum (B) was simulated by 

the superposition of the dimeric component (C) with 92% abundance and the monomeric component (D ) 

(8% abundance). EPR parameters of (C) are gx = 2.036, gy = 2.060, gz = 2.175, Ax 7.1 G, Ay = 18.2 G, 

A7 = 180.0 G copper(II) hyperfme coupling, D = 175.0 G dipolar coupling, J>  1500 G spin-exchange 

coupling x = 30° and rg = -55° polar angles, and a  = 0°, (3 = 3.8°, y = 5.5° Euler angles. Calculated EPR 

parameters of spectrum (A) and (D) are listed in Table 3.

The complex [C112L2] could be simulated assuming two identical copper(ii) centres with almost parallel 

equatorial plane (all three Euler angles are close to zero), with polar angles of % = 31°, vj/ = 55°, and 

dipolar coupling D = 175.0 G (Figure 7B and C). For the exchange coupling we can give the estimation 

of J  > 1500 G, as under this value a doublet peak originated from this interaction should have been 

detected under the experimental conditions. From the dipolar coupling the copper(II)-copper(II) distance 

of 6.8 A could be calculated by using the point dipole approach. The very small gz value of 2.175 and 

large Az = 180 G suggest high ligand field around the copper(II) centres. A possible structure in 

accordance with the above structural data is depicted in Figure 8.
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Xi

Figure 8. Proposed structure of [CuiL?] dimeric complex detected in the frozen solution of copper(Il) -  

L-Pro-FTSC system; (A) 3D structure obtained by molecular mechanics optimization; (B) schematic 

structure showing the g-tensor orientations and the {%, (//) polar angles used in the EPR spectrum 

simulation.

Table 3. EPR parameters and stability constants of the components obtained for copperfll) -  L-Pro- 

FTSC complexes

Logp *
Isotropic E PR  
p aram eters”

A nisotropic E PR  
p aram eters6

C alculated 
isotropic E PR  
parameters'^

go A 0 [G] tfNo [G]
gx
gy
gi

Ax [G] a yN1 [G] 
T y [G] aym [ G] 
T z [G] « XN3 [G]

So,calc Mo,calc|
[G]

[GuI.IIp 23.66(1) 2.1030(3) 65.1(3) 15.5(6) 2.058 -23.1 18.3 2.1040 69.3
12,1(5) 2,035 -20 .6  18.3
9.2(5) 2.219 -156.8 14.5

[CuL] 21.69(1) 2.0913(1) 67.5(1) 16.9(1) 2.040 - 2 0 .1 2.0880 70.3
12.4(1) 2.046 -8 .9
9.0(2) 2.178 -174.9

a The numbers in parentheses are standard uncertainties o f the quoted values.b The experimental errors
were ±0 .0 0 1  for gx and gv and ±0.0005 for g,-, ±  2 G for Ax and A., and ±1 G for A- and ±0.5 G for a . c
Isotropic values calculated via the equation g,sf = (gx+gv+gd/3, and T 0 [MHz] = (Ax+Av+Ay) /3.
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In this geometrically optimized structure the two identical and parallel copper(II)-copper(II) centres with 

the equatorial coordination of [Npro,Nryr,N~,S~] are connected axially by the carboxylate O” of the 

proline group. The distance of 5.8 A, and the estimated polar angles o f % = 49° , y /-  44° are acceptably 

close to the simulated data. For the monomeric species, we obtained very similar principal values for the 

g- and A-tensors (see Table 4 and Figure 7D) as were found for the dimeric complex, which suggests 

that the only difference is that in the monomeric species the carboxylate O of the proline group 

coordinates axially to its own copper(TT) ion (cf. Figures 1 and 8).

Stability of the copper(II) complex of L-Pro-FTSC in Minimum Essential Medium (MEM) and its 

interaction with HSA. MEM is usually used for the in vitro cytotoxicity studies of the metal complexes 

and ligands. It contains various amino acids as potential competitor ligands for the metal-containing 

species. To assess the stability of the [CuL] complex of L-Pro-FTSC in this medium, EPR spectra of the 

complex in MEM and in aqueous solution at pH 7.40 for comparison were measured (Figure S8 in the 

SI). The spectra of [CuL] in MEM and in water (HEPES buffer) are fairly similar providing strong 

evidence that the complex is stable in MEM.

Similar experiment was performed in the presence of human serum albumin (HSA). HSA is the most 

abundant of the human blood serum proteins occurring to the extent of 0.63 mM and it serves as a 

transport vehicle for a wide variety of endogenous species such as copper(TI) and zinc(II) ions and 

exogenous compounds and various pharmaceuticals. In order to get an insight into the interaction of the 

[CuL] with HSA, EPR spectra were recorded at room temperature in the absence and in the presence of 

the protein. The spectra for the copper(II) -  HSA system have been also measured for comparison, and 

frozen solution spectra caused by the slow motion of the copper(II) ion verified the complexation with 

the protein. However, in the case of [CuL] -  HSA system the EPR spectrum reveals that the protein 

practically does not change the isotropic spectrum of [CuL] under the condition used (Figure S8 in the 

SI). The interaction of [CuL] with HSA was also monitored by UV-vis spectrophotometry at pH 7.40. 

Spectra were recorded for HSA at various concentrations in the absence or in the presence of [CuL] 

(Figure S9A in the SI). Displacement of the ligand by HSA would result in significant decrease of the 

absorbance at -390 nm (Figure S9D) and an increase at X < 300 nm due to the binding of the copper(II)
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ion to HSA (Figure S9C in the SI). When no interaction takes place between the metal complex and the 

protein the spectrum for the [CuL] -  HSA system would be the sum of the spectra of [CuL] and HSA 

measured separately. This was the case for the [CuL] -  HSA system, indicating that there was no 

marked interaction between the complex and HSA even at 10-fold excess of the protein (Figure S9B in 

the SI).

Cytotoxicity in Cancer Cell Lines

Antiproliferative activity of (S^-HiL, (/H-HtL and of their corresponding copper(ll) complexes 

[Cu(£K)-L] and [Cu(i?,S)-L] was studied by colorimetric microculture assay (MTT assay) in human 

ovarian carcinoma (CHI) and colon carcinoma (SW480) cell lines. IC50 values for the L- and D- 

conjugates, as well as for the copper(II) complexes in SW480 cells could not be determined within the 

chosen concentration range (max. concentration 300 pM). In CHI ovarian carcinoma cells IC50 values of 

123 ± 39 pM and 113 ± 16 pM were obtained for the copper(II) complexes [Cu(3W)-L] and [Cu(i?,S)- 

L], respectively. However, the free ligands showed a markedly reduced activity in CH! cells. The 

corresponding concentration-effect curves in CHI cells are shown in Figure 9. The found IC50 values for 

both complexes are remarkably lower than for the recently reported L- and D-proline thiosemicarbazone 

conjugates based on 2-hydroxybenzaldehyde showing values in the low micromolar concentration range. 

Nevertheless, our results are in good accordance with those recently published by us, which have shown 

enhanced antiproliferative effects of the copper(II) complexes compared to their corresponding 

ligands.''Although, both ligands display a reduced activity they are characterized by an excellent 

solubility in water and complete culture medium, which is a major advantage compared to several 

previously evaluated thiosemicarbazones, e.g., Triapine. Moreover, the enhanced aqueous solubility is a 

premise for further biological evaluation in vivo, where a good solubility in biocompatible media is 

required.
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(S)-H2L-0.9H2O +  (fl)-H2L • 0.7H2O -©- [Cu(S,R)-L)] ■ 0.9H2O -e- [Cu(fl.S)-L)] • H20

Figure 9. Concentration-effect curves of and (ftj-HiL and their corresponding copper(II)

complexes [Cu(/i,/?)-L] and [Cu(/?,S)-L] in CHI ovarian cancer cells were obtained by MTT assay (96 h 

exposure).

Topoisomerase Ila  inhibition capacity

We investigated the Topo Ila inhibition activity for the L- and D- proline thiosemicarbazone conjugates 

and their corresponding copper(II) complexes. The inhibition of Topo Ila showed a clear correlation 

with the cytotoxic properties of the compounds. The complexes [Cubs',/?)-Lj and [Cu(/?,5)-L] displayed a 

high capacity of inhibiting this enzyme in the cell free DNA plasmid relaxation assay at a concentration 

of 300 pM, however, they did not show significant inhibition of the enzyme activity at a concentration of 

50 pM (Figure 10). In contrast, the ligands L-Pro-FTSC and D-Pro-FTSC did not inhibit the enzyme 

appreciably at all used concentrations. Concurrent studies proved that Cu is not capable of inhibiting 

the Topo Ila activity at concentrations up to 500 pM ."7 Hence, a significantly higher Topo Ila inhibition 

ability of the copper(II) complexes is obvious. Our results are in good agreement with the literature. 

Previous studies demonstrated that heterocyclic-substituted copper(II)-thiosemicarbazonates are capable 

of inhibiting the Topo Ila activity by preventing the formation of the DNA-enzyme complex or by 

interfering with the ATP domain of the enzyme." " ’ ’ The results of our study suggest that Topo Ila is
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an additional target for [C u^,i?)-L] and [Cu(i?,5)-L] complexes. A significantly higher inhibition 

capacity of the copper(II) complexes in contrast to their corresponding ligands demonstrates that the 

metal coordination has a considerable impact on the biological activity of these proline- 

thiosemicarbazone conjugates.

<zQ
10<u

L-Pro-FTSC D-Pro-FTSC [Cu(S,R)-L] [Cu(R,S)-L]
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Figure 10. Topo Hot inhibition capacity of L- and D-Pro-FTSC conjugates and their corresponding 

copper(II) complexes was determined by the plasmid DNA relaxation assay. Supercoiled and linear 

DNA used as references (lane 1 and lane 2, respectively). Relaxed DNA bands (lane 3) show an intact 

enzyme activity. Supercoiled DNA band demonstrates the inhibition of enzyme activity with addition of 

2 mM Etoposide (lane 4). Lanes 5-12 display the reaction of Topo Ila with supercoiled DNA in the 

presence of L- and D-Pro ligands or copper(TT) complexes. Incubation time was 30 min.

Conclusion

Attachment of a proline moiety to 2-formylpyridme thiosemicarbazone resulted in conjugates with very 

high aqueous solubility (480 mg/mL). This permitted to study the complcxation reactions of L-Pro- 

FTSC with copper(II) chloride in neat water. The stoichiometry and stability of the copper(II) complex
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with L-Pro-FTSC was investigated by pH-potentiometry, UV-vis, EPR and H NMR spectroscopy. 

UV-vis and EPR spectroscopy data indicate that L-Pro-FTSC acts in solution as a pentadentate ligand 

via a Npro,NPy,N,S_,COO~(axial) donor set, building up a square-pyramidal 1:1 complex with copper(ll). 

This coordination mode was also confirmed by X-ray crystallography. The complex is highly stable, so 

that its dissociation cannot occur in the physiological pH-range even at micromolar concentration, which 

is relevant for biological studies. In addition they remain unaltered in MEM and in the presence of HSA. 

These copper(II) complexes inhibit Topo Ila activity and CHI tumor cell viability leading to cell death. 

Their inhibitory potential in combination with excellent water-solubility is a sound basis for further 

development of anticancer copper(II) thiosemicarbazonates with high Topo Ila  inhibitory activity. By 

shifting the hydrophilic/lipophilic balance towards higher log D  values we expect to improve the cell 

uptake and increase the antiproliferative activity. Complexation to metal ions which favor square-planar 

coordination environment, e.g. Ni(II), Pd(II) or Pt(II), can, in principle, lead to enhanced Topo Ila 

inhibitory activity. This work is underway in our laboratory and will be reported in due course.

Experimental

Chemicals. 2,6-Dihydroxymethylpyridine and L-proline methylester hydrochloride were purchased 

from Alfa Aesar, while D-proline methylester hydrochloride from Acros Organics. Solvents were dried 

using standard pocedures if needed.49 2-Hydroxymethyl-6-chloromethylpyridine and 6- 

chloromethylpyridine-2-carboxaldehyde were synthesized according to published procedures.40 CuCL 

(puriss, Rcanal) was dissolved in known amount of HC1 in order to get the coppcr(II) stock solution. Its 

concentration was determined by complexometry via the EDTA complexes.

Synthesis of ligands

2-(chloromethyl)-6-(dimethoxymethyl)pyridine. A solution of 6-chloromethylpyridine-2- 

carboxaldehyde (1.70 g, 10.9 mmol), trimethyl orthoformate (4.70 mL, 43.0 mmol) and methanesulfonic 

acid (17.7 pL, 0.27 mmol) in dry methanol (17 mL) was heated at 78 °C for 3 h (in a 100 mL Schlenk 

tube). The solvent was removed under reduced pressure and the residue was dissolved in CHCI3 

(40 mL). The solution was washed with saturated aqueous NaHCC>3 solution and brine, and then dried 

over MgSO.4. The solvent was removed under reduced pressure to yield a slightly yellow oil. Yield:
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2.14 g, 97%. 'll NMR (500 MHz, CDC13): 5 7.77 (t, J=  7.8 Hz, 1H, C5H(Ar)), 7.51 7.47 (m, 2H, 

C4/ / (Ar), C6/ / (Ar)), 5.35 (s, 1H, ( //(OYleh), 4.71 (s, 2H, CH2C1), 3.41 (s, 6H, (OC7/3)2).

OS’)-methyl-1-(di methoxy methv l)pv rid in-2-yl-methyl-pyrrolidine-2-car boxy late. A solution of L- 

proline methylester hydrochloride (2.41 g, 14.55 mmol) in CH2CI2 (48 m l) was treated with 

triethylamine (4.45 mL, 32.1 mmol) in THF (13 mL) and then combined with a solution of protected 

aldehyde (1.96 g, 9.7 mmol) in THF (48 mL). The reaction mixture was heated at 40 °C overnight. The 

white precipitate of triethylammonium chloride was filtered off to give a slightly yellow clear solution, 

which was freed from solvent under reduced pressure. The oily residue was purified by column 

chromatography using a mixture of CHCl3:MeOH 97.5:2.5 as eluent. The product was obtained after 

removal of the solvent as a slightly yellow oil. Yield: 2.41 g, 84%. 'H NMR (500 MHz, CDC13): 8 7.69 

(t, .7=7.7 Hz, 1H, C5H(M}), 7.46 (d, .7 = 7.0 Hz, 1H, C6Hm ), 7.41 (d, ./=  7.6 Hz, 1H, CV/lAri), 5.33 (s, 

1H, C/7(OMe)2), 4.07 (d, J=  13.9 Hz, 1H, C7H2), 3.82 (d, J=  13.8 Hz, 1H, C1H1), 3.66 (s, 3H, C773),

3.54- 3.30 (7H, C ( ( ) ( 7 / 3)2), 3.14-3.04 (m, 1H, CnH2{vm)), 2.54 (dd, 7=16.8 , 8.1 Hz, 1H, 

Cu/ / 2(pr0)), 2.21-2.09 (m, 1H, C9/^ « ,) ) , 2.02-1.75 (m, 3H, C9H2 m , C 10/ /2(rro)).

(ff (-methyl-l-(dimethoxyniethyl)pyridine-2-yl-methyl-pyrrolidine-2-earboxy late. A solution of D- 

proline methylester hydrochloride (1.23 g, 7.44 mmol) in CH2CI2 (11 mL) was treated with 

triethylamine (2.06 mL, 14.9 mmol) in THF (6 mL) and then combined with a solution of protected 

aldehyde (LOO g, 4.96 mmol) in THF (11 mL). Then the reaction mixture was heated at 40 °C overnight. 

The white precipitate of triethylammonium chloride was filtered off to give a slightly yellow clear 

solution, which was freed from solvent under reduced pressure and the oily residue was purified by 

column chromatography using a mixture of CHCl3:MeOH 97.5:2,5 as eluent. The product was obtained 

after removal of the solvent as a slightly yellow oil. Yield: 0.89 g, 61%. 'H NMR (500 MHz, CDC13): 5 

7.69 (t, J=  7.7 Hz, 1H, C5H(Ai)), 7.46 (d, 7  = 7.0 Hz, 1H, C6/ ^ ) ) ,  7.41 (d, 7  = 7.6 Hz, 1H, C4H(Ai)), 5.33 

(s, 1H, C//(OMe)2), 4.07 (d, 7 13.9 Hz, 1H, C1H2), 3.82 (d, 7 13.8 Hz, 1H, C7H2), 3.66 (s, 3H, CH3),

3.54- 3.30 (7H, C ( O C / / 3)2), 3.14-3.04 (m, 1H, C11/ / 2(Pro)), 2.54 (dd, 7=16.8 , 8.1Hz, 1H, 

C " //2(Pn.>)- 2.21-2.09 (m, 1H, C9H2(Pio}), 2.02-1.75 (m, 3H, C9H2[Pmh

(Y)-l-((6-for mylpyridin-2-yl)methyl)pyrrolidine-2-carboxylic acid. (.S’)-methyl-1 -

((dimethoxymethyl)pyridine-2-yl)methyl)pyrrolidine-2-carboxylate (0.63 g, 2.1 mmol) in water (12 mL)
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was heated at reflux for 48 h. The solvent was removed under reduced pressure yielding red, highly 

viscous oil, which gave a red solid after drying in vacuo. Yield: 0.50 g, 100%. 'H NMR (500 MHz, 

DMSO-d6): 5 9.96 (s, 1H, CTiO), 8.03 (dd, J  = 7.7, 7.2 Hz, 1H, C5H (Ar)), 7.87-7.75 (m, 2H, C67/{Aq), 

C4/ / (Ar)), 4.19 (d,J =  14.3 Hz, 1H. C7/ /2), 3.90 (d, J=  14.3 Hz, 1H, C7/72), 3.42 (dd,./ 8.9. 5.6 Hz, 1H, 

C % Pm), overlapped water peak), 3.02 (ddd, .7=9.0, 7.4, 3.9 Hz, 1H, Cu H2{Pw)), 2.58-2.52 (m, 1H, 

C11772(pr0), overlapped solvent peak), 2.18-2.07 (m, 1H, C9//2< [>,„)), 1.91-1.67 (m, 3H, C9/72(pIO), 

C"’/ /2(Pro)).

(Z?)-l-((6-formylpyridin-2-yl)mcthyI)pyrrolidine-2-carboxylic acid. (/?)-m ethyl-1 -

((dimethoxymethyl)pyridine-2-yl)methyl)pyrrolidine-2-carboxylate (0.89 g, 3.02 mmol) in water 

(20 mL) was heated at reflux for 48 h. The solvent was removed under reduced pressure yielding a red, 

highly viscous oil which gave a red solid after drying in vacuo. Yield: 0.71 mg, 100%. 111 NMR (500 

MHz, DMSO-d6): 5 9.96 (s, 1H, CHO), 8.03 (dd, J  7.7, 7.2 Hz, 1H, C5H(Ai)), 7.87-7.75 (m, 2H, 

C6Hm ), C4HlM), 4.19 (d, J=  14.3 Hz, 1H. C7/ /2), 3.90 (d, J  = 14.3 Hz, 1H, C7H2), 3.42 (dd, J=  8.9, 

5.6 Hz, 1H, C87/(pr0), overlapped water peak), 3.02 (ddd, J - 9 .0 ,  7.4, 3.9 Hz, 1H, C 1 lH2(Vvo)), 2.58-2.52 

(m, 1H, C11772(Pm), overlapped solvent peak), 2.18-2.07 (m, 1H, C9/72(Pro)), 1.91-1.67 (m, 3H, C9772(Pro), 

CwH2(pm)).

L-Pro-FTSC. (S)-l-((6-formylpyridin-2-yl)methyl)pyrrolidine-2-carboxylic acid (0.30 g, 1.27 mmol) 

and thiosemicarbazide (0.12 g, 1.27 mmol) in a 25 mL Schlenk-tube were suspended in ethanol (5 mL). 

The mixture was heated at 78 °C for 24 h. After cooling down the white precipitate was filtered off 

under argon atmosphere, washed with ethanol (2.5 mL) and diethyl ether ( 2 x 2  mL) and dried in vacuo. 

Yield: 0.26 g, 67%. Anal. Calcd for C i3H i7N5O2S-0.9H2O (M, 323.95 g/mol), %: C, 48.25; H, 5.86; 

N, 21.64; S, 9.91. Found, %: C, 48.58; H, 5.86; N, 21.20; S, 9.88. 'H NMR (500 MHz, DMSCMj): 5 

11.66 (s, 1H, H2), 8.33 (s, 1H, H3), 8.18-8.14 (m, 2H, H6, H3) 8.05 (s, 1H, H13), 7.82 (t, .7=7.8 Hz, 1H, 

H5), 7.45 (d, .7 7.5 Hz, 1H, H4), 4.13 (d, J=  14.1 Hz, 1H, H7), 3.86 (d, .7 14.0 Hz, 1H, H7), 3.44 (dd,

J = 8.9, 5.4 Hz, 1H, H8), 3.07 (ddd, J=  9.4, 7.6, 3.6 Hz, 1H, H11), 2.62-2.55 (m, 1H, H11), 2.15-2.07 

(m, 1H, H9), 1.92-1.85 (m, 1H, H9), 1.84-1.66 (m, 2H, H10). 13C NMR (126 MHz, DMSO) 8 178.87 

(Cq, C14), 173.79 (Cq, C12), 157.62 (Cq, C3), 153.16 (Cq, C1), 142.74 (CH, C13), 137.59 (CH, C5), 

123.77 (CH, C4), 119.46 (CH, C6), 66.19 (CH, C8), (59.24 (CH2, C7), 53.55 (CH2, C11), 29.25 (CH2, C9),
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23.66, (CH2, C10). Solubility in water: > 1.56 mol/L. ESI-MS (methanol), positive: mi: 308 [M+H]+. IR 

(ATR, selected bands, vmax): 3425, 2972, 1623, 1586, 1529, 1438, 1385, 1275 1109, 829, 638 cm-1.

D-Pro-FTSC. (R)-l-((6-formylpyri din-2-yl)methyl)pyrrolidine-2-carboxylic acid (0.30 g, 1.27 mmol) 

and thiosemicarbazide (0.12 g, 1.27 mmol) in a 25 mL Schlenk-tube were suspended in ethanol (5 mL). 

The mixture was heated at 78 °C for 24 h. After cooling down the white precipitate was filtered off 

under argon atmosphere, washed with ethanol (2.5 mL) and diethyl ether (2><2 mL) and dried in vacuo. 

Yield: 227 mg, 58%. Anal. Calcd for CiyH^NsO.SOYHjO (M, 319.98 g/mol): C, 48.80; H, 5.80; 

N, 21.88; S, 10.02. Found, %: C, 48.96; H, 5.77; N, 21.50; S, 9.70. JH NMR (500 MHz, DMSO-d6): S 

11.66 (s, 1H, H2), 8.33 (s, 1H, H3), 8.18 8.14 (m, 2TI, H6, H3) 8.05 (s, 1H, H13), 7.82 (t, J  7.8 Hz, 1H, 

Hs), 7.45 (d, J=  7.5 Hz, 1H, II4), 4.13 (d, J=  14.1 Hz, 1H, H7), 3.86 (d, J=  14.0 Hz, 1H, H7), 3.44 (dd, 

J=  8.9, 5.4 Hz, 1H, H8), 3.07 (ddd, J=  9.4, 7.6, 3.6 Hz, 1H, H11), 2.62-2.55 (m, 1H, H 11), 2.15-2.07 

(m, 1H, H9), 1.92-1.85 (m, 1H, H9), 1.84-1.66 (m, 2H, H10). 13C NMR (126 MHz, DMSO) 5 178.87 

(Cq, C14), 173.79 (Cq, C12), 157.62 (Cq, C3), 153.16 (Cq, C1), 142.74 (CH, C13), 137.59 (CH, C5), 

123.77 (CH, C4), 119.46 (CH, C6), 66.19 (CH, C8), (59.24 (CH2, C7), 53.55 (CH2, C11), 29.25 (CH2, C9),

23.66, (CH2, C 10). Solubility in water: > 1.56 mol/L. ESI-MS (methanol), positive: m/z 308 [M+H]+. IR 

(ATR, selected bands, vmax): 3425, 2972, 1623, 1586, 1529, 1438, 1385, 1275 1109, 829, 638 cm-1.

Synthesis of copper(II) complexes

[Cu(L-Pro-FTSC)]0.9H2O or [Cu(S,/f-L)10.9H2O. To a solution of L-Pro-FTSC (0.12 g, 0.39 mmol) 

in water (20 mL) was added a solution of copper(II) acetate monohydrate (0.16 g, 0,78 mmol) in water 

(5 mL). The color of the solution changed from colorless to dark green and the solution was heated at 

70 °C for 1 h. After cooling down the reaction mixture was concentrated under reduced pressure to 

about 5 mL and allowed to stand at 4 °C. The green crystals were filtered off, washed with water and 

dried in vacuo. Yield: 101 mg, 70%. Anal. Calcd for C,Rl 5C u \R )2S 0.9IL() (M ,385.12 g/mol), %: 

C, 40.54; H, 4.40; N, 18.19; S, 8.33. Found, %: C, 40.78; H, 4.63; N, 17.97; S, 8.32. Solubility in water: 

>4.15 mmol/L; DMSO: > 11.53 mmol/L. ESI-MS (methanol), positive: m/z 369 [M +Hf, IR (ATR, 

selected bands, vmax): 3442, 3278, 3164, 1584, 1457, 1378, 1311, 1159, 642, 603 cnY1.
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[Cu(D-Pro-FTSC)]H20  or [Cu(R,S-L)]-H20 . To D-Pro-FTSC (0.10 g, 0.32 mmol) in water (20 niL) 

was added copper(ll) acetate monohydrate (0.13 mg, 0.65 mmol) in water (5 tnL). The color of the 

solution changed from colorless to dark green and the solution was heated at 70 °C and stirred for 1 h. 

After cooling down the reaction mixture was concentrated under reduced pressure to a volume of about 

5 mL and left in the fridge overnight. The next day green crystals were filtered off, washed with water 

and dried under reduced pressure. Yield: 65 mg, 55%. Anal. Calcd for C13H 15CUN5O2SH 2O (Mr 386.92 

g/mol), %: C, 40.35; H, 4.43; N, 18.10; S, 8.29. Found, %: C, 40.66; H, 4.05; N, 17.72; S, 8.34. 

Solubility in water: > 4 .15 mmol/L; DMSO: > 11.53 mmol/L. ESI-MS (methanol), positive: m'z 369 

| VI—111 . IR (ATR, selected bands, vmax): 3442, 3278, 3164, 1584, 1457, 1378, 1311, 1159, 642, 

603 cm-1.

pH-potentiometric measurements

The purity and aqueous phase stability of the ligand L-Pro-FTSC was verified and the exact 

concentrations of the stock solutions prepared were determined by the Gran method.50 The pH-metric 

measurements for determination of the protonation constants of the ligand and the overall stability 

constants of the copper(ll) complexes were carried out at 298.0 ±0.1 K in water and at an ionic strength 

of 0.10 M (KC1, Sigma-Aldrich) in order to keep the activity coefficients constant. Since in the previous 

studies on various TSCs 30% (w/w) DMSO/H2O solvent mixture was always used, " in order to obtain 

comparable data the same conditions were also applied. The titrations were performed with carbonate- 

free KOH solution of known concentration (0.10 M). Both the base and the HC1 were Sigma-Aldrich 

products and their concentrations were determined by pH-potentiometric titrations. An Orion 710A pH- 

meter equipped with a Metrohm combined electrode (type 6.0234.100) and a Metrohm 665 Dosimat 

burette were used for the pH-metric measurements. The electrode system was calibrated to the pH = 

log[H+] scale in water and in the DMSO/water solvent mixture by means of blank titrations (strong acid 

vs strong base; HC1 vs KOH), according to the method suggested by Irving et al.51 The average water 

ionization constant, pKw, is 13.76 ±0.01 with pure water and 14.52 ±0.05 with DMSO/water 30:70 

(w/w) as solvent at 25 °C, which corresponds well to the literature data.32 The reproducibility of the 

titration points included in the calculations was within 0.005 pH. The pH-metric titrations were
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performed in the pH range 2.0 -  11.5 (or 12.5 in the 30% (w/w) DMSO/water mixture). The initial 

volume of the samples was 5.0 mL. The ligand concentration was in the range 1.6 -  1.8 x 10 3 M and 

metal ion-to-ligand ratios of 1:1 -  1:4 were used. The accepted fitting of the titration curves was always 

less than 0.01 mL. Samples were deoxygenated by bubbling purified argon through them for ca. 10 min 

prior to the measurements.

The protonation constants of the ligands were determined with the computer program SUPERQUAD.53 

PSEQUAD54 was utilized to establish the stoichiometry of the complexes and to calculate the stability 

constants (log/?(MpLt/Hr)). j3{M^L^H,.) is defined for the general equilibrium /;M + qL  + HI - M^L^l I, 

as /¿( VL,L(/I1,) -  [M7,L^H7.]/[M]p[L]‘7[H]'', where M denotes the metal ion and L the completely 

deprotonated ligand. In all calculations exclusively titration data were used from experiments, in which 

no precipitate was visible in the reaction mixture.

UV vis spectrophotometric, spectrofluorimetric, CD and 'H NMR measurements. A Hewlett 

Packard 8452A diode array spectrophotometer was used to record the UV-vis spectra in the 200 to 820 

nm window. The path length was 1 or 2 cm. Protonation and stability constants and the individual 

spectra of the species were calculated by the computer program PS EQUAD. The  spectrophotometric 

titrations were performed on samples of the L-Pro-FTSC alone or with copper(II) ions; the concentration 

of the ligand was 4.2 x 10 5 M (L-Pro-FTSC alone) or 2 x 10 3 M (for copper(II) containing samples) 

and the metal-to-ligand ratios were 0:1, 1:1 and 1:2 over the pH range between 2 and 11.5 at an ionic 

strength of 0.10 M (KC1) in water at 298.0 ±0.1 K. Measurements for the ligand alone and copper(ll) -  

L-Pro-FTSC systems at metal-to-ligand ratio 1:1 were also carried out by preparing individual samples, 

in which the 0.1 M KC1 was partially or completely replaced by HC1 and pH values, varying in the range 

ca. 1.0 -  1.8, were calculated from the HC1 content. For the calculation of the stability constants of the 

protonated mono-ligand copper(II) -  L-Pro-FTSC complexes mainly CT bands (which are strongly 

overlapped with the ligand bands) were used (A = 220 -  440 nm).

UV-vis spectrophotometric measurements on systems containing HSA at 0 -  2 x 10~4 M and 2.2 n 10 5 

M L-Pro-FTSC, 2.2 x 10 5 M copper(ll) and 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid 

(HEPES) at 0.02 M as buffer at pH 7.40 were performed in order to obtain the difference spectra.
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Control measurements were carried out under the same conditions with samples containing only HSA at 

various concentrations and HEPES buffer.

The pH-dependent fluorescence measurements were carried out on a Hitachi-4500 spectrofluorometer 

with the excitation at 320 run. The emission spectra were recorded using 10 nm/10 nm slit widths in 1 

cm quartz cell in the pH range between 2 and 11.5 at 298.0 ± 0.1 K. Samples contained 1.0 x 10“5 M L- 

Pro-FTSC ligand at 0.1 M (KC1) ionic strength. Three-dimensional spectra were recorded at 230 -  500 

nm excitations and at 240 -  600 nm emission wavelengths for the 1.0 x 10 5 M ligand containing 

samples at pH 7.0 using 10 nm/10 nm slit widths.

One dimensional :H and 13C NMR and two dimensional ' l l- ' l l  COSY, ll-' ll TOCSY, 'll- 11 TOCSY, 

'H-'H ROESY or 'H-'h  NOESY, 'H -I3C HSQC and !H -I3C HMBC NMR spectra were recorded on two 

Broker Avance III instruments. DMSO-rT, or C D C I3 were used as solvent. 'H or 13C chemical shifts were 

measured relatively to the solvent peaks.

The pH-dcpendent ’H NMR studies were carried out on a Bruker Ultrashield 500 Plus instrument. 4,4- 

Dimethyl-4-silapcntane-1 -sulfonic acid was used as an internal NMR standard. L-Pro-FTSC was 

dissolved in a 10% (v/v) D2O /H2O mixture in a concentration of 1.0 x 10-3 M. The direct pH-meter 

readings were corrected according to method of Irving et al.51 Binding of the ligand L-Pro-FTSC to HSA 

was measured by 1H NMR spectroscopy at pH 7.40 in the aqueous solution of the HEPES buffer (0.02 

M). Samples contained 8.3 x 10“4 M T-Pro-FTSC and 4.2 x 10“4 M HSA in the presence of 10% (v/v) 

D2O. Samples were incubated for 24 h at 298 K.

CD spectra were recorded on a Jasco J-815 spectrometer in an optical cell of 1 or 2 cm path length. The 

analytical concentration of the copper(II) -  D- or L-Pro-FTSC complexes was 4.0 x 10 5 M at pH 7.4 in
_-7

aqueous solution and spectra were recorded in the wavelength interval from 250 to 450 nm. 2.0 x 10 

M ligand concentration was used for the copper(II) -  L-Pro-FTSC system at 1:1 metal-to-ligand ratio. 

pH was varied between 2 and 11.5 and spectra were analyzed in the range of 525 -  800 nm. CD data are 

given as the differences in molar absorptivities between left and right circularly polarized light, based on 

the concentration of the ligand (As = AA /1/ Ciig:uHi or ¿ompio.s)-

29

ACS Paragon Plus Environment



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Submitted to Inorganic Chemistry Page 30 of 40

Determination of the distribution coefficient (D). D values of L- and D-Pro-FTSC and their copper(II) 

complexes were determined by the traditional shake-flask method in n-octanol/buffered aqueous 

solution at pH 7.4 (HEPES buffer) at 298.0 ± 0.2K as described previously.32 33 Two parallel 

experiments were performed for each sample. The ligands were dissolved at 1.0 x 10-4 M and the 

complexes in 1.0 x I (E1 M in the n-octanol pre-saturated aqueous solution of the buffer (0.02 M) at 

constant ionic strength (0.10 MKC1). The aqueous solutions and n-octanol with 1:1 phase ratio were 

gently mixed with 360° vertical rotation for 3 h to avoid the emulsion formation, and the mixtures were 

centrifuged at 5000 rpm for 3 min by a temperature controlled centrifuge (Sanyo) at 298K. After 

separation UV-vis spectra of the ligands or complexes in the aqueous phase were compared to those of 

the original aqueous solutions. As no measurable amount of the ligands or the copper(ll) complexes was 

found in the n-octanol phase, D1A values were merely estimated.

EPR measurements and deconvolution of the spectra. X-band-EPR spectra were recorded with a 

BRUKER EleXsys E500 spectrometer (microwave frequency 9.81 GHz, microwave power 10 mW, 

modulation amplitude 5 G, modulation frequency 100 kHz). During titration, the isotropic EPR spectra 

were recorded at room temperature in a circulating system. EPR spectra were recorded for samples with 

1:1 copper(II)-to-ligand ratios, respectively at 1.0 x 10-J M L-Pro-FTSC concentration between pH 1.7 

and 11.8 in water at I  = 0.10 M (KC1). KOH solution was added to the stock solution to adjust the pH 

which was measured with a Radiometer PHM240 pH/ion Meter equipped with a Metrohm 6.0234.100 

glass electrode. A Heidolph Pumpdrive 5101 peristaltic pump was used to circulate the solution from the 

titration pot through a capillary tube into the cavity of the instrument. The titrations were carried out 

under nitrogen atmosphere. 0.1 mL of sample was taken out of the stock solution at various pH values 

and was measured individually in a dewar containing liquid nitrogen (at 77 K) under the same 

instrumental conditions as the room-temperature spectra described above. 0.02 mL of methanol was 

added to the samples to avoid water crystallization. Interaction of complex [CuL] with proteins and 

amino acids (HSA/MEM) was tested two hours after preparation, under the same instrumental 

conditions as above, at room temperature. The EPR spectra were recorded for samples contained (1) 1.0 

mM complex dissolved in HEPES buffer (pH = 7.4, / =  0.1 M KC1), (2) 1 mM complex and 0.5 mM 

HSA dissolved in HEPES, and (3) 1 mM complex in MEM.
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Series of pH-dependent room-temperature CW-EPR spectra were simulated simultaneously by the „two- 

dimensional” method using the 2 DE P R program.55 Each component curve was described by the 

isotropic EPR parameters gQ, A0< u copper hyperfine and AC)N nitrogen hyperfine couplings, and the 

relaxation parameters a, ¡3, y  which define the line widths in the equation erMI = a  + /M i + yMi2, where 

Mj denotes the magnetic quantum number of copper nucleus. The concentrations of the complexes were 

varied by fitting their formation constants /3( d e f i n e d  by the general equilibrium found in the 

pH-potentiometric studies section.

The anisotropic spectra recorded at 77 K were analyzed individually with the EPR program,56 which 

gives the anisotropic EPR parameters gXj gv, g- (rhombic g-tensor), AxCu, A y ,  AzCu (rhombic copper 

hyperfine tensor) and Arv, A,/', A-X (rhombic nitrogen superhyperfine tensor) and the orientation 

dependent line width parameters. All tensors were supposed as coaxial.

The EPR spectra of the dimeric complex was simulated by a new modul of the ’EPR’ program51 

developed for calculating EPR spectra and dynamic nuclear polarization (DNP) in coupled spin systems 

(biradicals and paramagnetic dimers). The EPR spectrum is calculated by the complete diagonalization 

of the Hamiltonian of a two-spin system:

//, = H * g 1 * i% -Mb + H * iz *S2 .fit + JS&  + d (2Sz1Sz2 -  SxtSl2 -  SrlSy2 )+ * Â, * /, + Ss* J 2 * /*

where gi, A\ and g2 , A2 are the g-, and /1-tensors of the copper(ll) centres, D  is the dipolar interaction 

and J  is the exchange interaction between the two spin centres. The principal values and principal 

orientation of g- and ,4-tensors can be treated identically or differently and their relative orientation can 

be characterized by the three Euler angles (a ,(3 and y). The relative position of the two centres is further 

described by two polar angle (%,\|/) which define the position of the connector line between the 

copper(TI) centres in the frame of gi.

Since a natural C'uCE was used for the measurements, the spectra were calculated as the sum of the
63 65spectra of Cu and Cu weighted by their natural abundances. The quality of fit was characterized by 

the noise-corrected regression parameter R; as above. The details of the statistical analysis were
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published previously.55 The copper and nitrogen coupling constants and the relaxation parameters were 

obtained in field units (Gauss = 10-4 T)

Crystallographic Structure Determination. X-ray diffraction measurements were performed on a 

Nonius Kappa CCD diffractometer. Single crystal was positioned at 35 mm from the detector, and 644 

frames were measured, each for 25 s over 1.5° scan width. The data were processed using DENZO 

software.57 Crystal data, data collection parameters, and structure refinement details are given in Table 

4. The structure was solved by direct methods and refined by full-matrix least-squares techniques. Non- 

El atoms were refined with anisotropic displacement parameters. El atoms were inserted in calculated 

positions and refined with a riding model. The following computer programs and hardware were used: 

structure solution, SHELXS-97 and refinement, SHELXL-97fs molecular diagrams, ORTEP;59 computer, 

Intel CoreDuo.

Table 4. Crystal Data and Details of Data Collection for LCu(AN.,SV)-L)JCEEO.

compound |Cu(7N,.St EE|-2H4)
empirical formula CI3HI9CuN504S
fw 404.93
space group P2!2i2 i

a, A 7.4900(1)
b, A 10.0006(1)
c, A 21.5284(3)
F[A3] 1612.57(4)
z 4
A [A] 0.71073
A a lcd , g cm 3 1.668
cryst size, m nr 0.30 x 0.30 x 0.10
T[K] 110(2)
ju; mm’ 1 1.513
v 0.0271
w R-2 0.687
Flack parameter -0.012(8)
GOF 1.032
3 /?, = E||F0| -  |Fc|p:|il|.6 wR2 = {2[>v(F02 - 
Fc2f ] /Z [w (F02)2] } m. c GOF = {£[w(F02 -  Fc2)2]/(n -  
p) 12. where n is the number of reflections andp is 
the total number of parameters refined.

32

ACS Paragon Plus Environment



Page 33 of 40 Submitted to Inorganic Chemistry

1
2
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Cell lines and culture conditions. Human CHI (ovarian carcinoma) and SW480 (colon carcinoma) cell 

lines were kindly provided by Lloyd R. Kelland (CRC Centre for Cancer Therapeutics, Institute of 

Cancer Research, Sutton, UK) and Brigitte Marian (Institute of Cancer Research, Medical University of 

Vienna, Austria), respectively. The cells were cultured in MEM supplemented with 10% heat- 

inactivated fetal bovine serum, 1 mM sodium pyruvate, 4 mM glutamine and 1% (v/v) nonessential 

amino acids (from 100-times ready-to-use stock solution), all purchased from Sigma-Aldrich, and 

maintained at 37 °C in a humidified atmosphere containing 5% CO2.

Cytotoxicity Tests in Cancer Cell lines. Cytotoxic effects of the test compounds were determined by 

means of a colorimetric microculture assay [MTT assay, MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5- 

diphenyl-2H-tctrazolium bromide]. Cells grown as adherent monolayer in 75 cm3 flasks (CytoOne/ 

Starlabs, Germany) were harvested by trypsinisation. By using a pipetting robot (Biotek Precision XS 

Microplate Sample Processor), densities of 1x10' (CHI) and 2x10 (SW480) were seeded, as triplicates, 

in 100 pi aliquots in 96-well microculture plates (CytoOne/ Starlabs, Germany). Before the drug 

exposure, cells were allowed to settle and attach in drug-free complete culture medium for 24 h. Test 

compounds were dissolved in distilled water prior to the preparation of a serial dilution in complete 

culture medium. The dilution series as well as the pipetting steps were done by the microplate processor. 

After 96 h of exposure, the medium was removed and replaced by 100 pi 1:7 MTT/RPMI 1640 solution 

(MTT solution: 5 mg/ml MTT in phosphate buffered saline; RPM1: supplemented with 10% heat- 

inactivated fetal bovine serum and 4 mM glutamine) and incubated for 4 h at 37 °C in a humidified 

atmosphere with 5% CCL. Subsequently the MTT/RPMI solution was removed from all wells and the 

formazan crystals formed by viable cells were dissolved in 150 pi DMSO per well. Optical densities at 

550 nm were measured with a microplate reader (Biotek ELx808), using a reference wavelength of 690 

nm to correct for unspecific absorption. The quantity of viable cells was expressed in terms of the T/C 

values by a comparison to untreated control microcultures, and 50% inhibitory concentrations (IC50) 

were calculated from concentration-effect curves by interpolation. Evaluation is based on means from at 

least three independent experiments.

Topoisomerase II« inhibition. The Topo Ila inhibition capacity of the L- and D-Pro-FTSC compounds 

and their corresponding copper(II) complexes was determined by means of the DNA plasmid relaxation
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assay. For this purpose we used the topoisomerase drug screening kit and the human recombinant Topo 

Ila enzyme from TopoGen Inc. The supercoiled pHOTl plasmid DNA was used as a substrate and was 

incubated for 30 min at 37° C with Topo Ila in the presence of various concentrations of the Pro-FTSC 

compounds. As positive control Etoposide (2 mM) was used. The reaction was stopped by rapid addition 

of 10% SDS followed by digestion with proteinase K. The products of the reaction were separated on a 

1% agarose gel and analysed by visualization with ethidium bromide (0.5 pg/'ml) via the detection 

system Fusion SL (Vilber Lourmat). Evaluation is based on two independent experiments.

Supporting Information Available: Portion of the crystal structure showing intermolecular hydrogen 

bonding interactions (Figure SI), UV-vis molar absorbance and CD spectra of the copper(II) 

complexes (Figure S2), pFl dependence of the chemical shifts of the various protons of the ligand L-Pro- 

FTSC with its concentration distribution curve (Figure S3), 3D fluorescence spectrum of L-Pro-FTSC at 

pH 7.0 in water (A) and its pH-dependcnt fluorescence spectra at 320 nm excitation (B) (Figure S4), 

UV-vis absorbance spectra of copper(II) -  L-Pro-FTSC complex at different pH values (A) and 

concentration distribution curves for the relevant system with the pH-dependent absorbance at 610 nm 

(B) (Figure S5), CD spectra of copper(II) -  L-Pro-FTSC complex at different pH (Figure S6), EPR 

spectra of copper(II) -  L-Pro-FTSC complex at pH 5.3 (Figure S7), experimental and calculated EPR 

spectra of copper(II) -  HSA (A), [CuL] in HEPES buffer (B), in the presence of HSA (C) and in MEM 

(D) (Figure S8), UV-vis absorbance spectra of copper(II) -  L-Pro-FTSC -  HSA at pH 7.40 at different 

HSA concentrations (Figure S9). This material is available free of charge via the Internet at 

http://pubs.acs.org.
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