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S-1 Experimental section
S-1.1 Synthesis of monoalkylated cyclen derivatives

1-Decyl-, 1-dodecyl- and 1-hexadecyl-1,4,7,10-tetraazacyclododecane were synthesized
according to a previously described procedure.! Precipitation as hydrochloride salts with
subsequent recrystallization from ethanol, dissolution in KOH (20%) and extraction with
CHCI; according to another procedure were necessary to completely purify the products.?
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Scheme S-1 Synthesis of the ligands L1, L2, and L3.

The yields from the alkylation reactions can be taken from Table S-1.

Table S-1 Yields of the ligand syntheses.
Ligand Yield
1-Decylcyclen (L1) 59%
1-Dodecylcyclen (L2) 66%
1-Hexadecylcyclen (L3) | 69%

S-1.2 Complex formation
In situ complex formation

For the cleavage activity studies complexes were generated in situ in aqueous solution.
Cu(NO3)2:3 H;0 and CoCl,-6 H,0 were applied as metal sources for the formation of the
corresponding complexes. For the Co(IIl) complexes the corresponding Co(II) complexes
were oxidized under air overnight. The oxidation was confirmed via UV /vis spectroscopy
by comparison with similar established Co(III) complexes.®* For the cleavage
experiments, the ligand was applied in an excess of 5% to ensure that the protein cleavage
monitored via SDS-PAGE did not originate from free metal ions.

Precipitation of the complexes was necessary to ensure the complexes actually acting as
cleavage agents. With the metal salts applied for in situ complex formation all attempts to
precipitate the complexes failed. Thus salts with different counter ions than the ones used
before were applied for precipitation, e.g. Na3z[Co(CO3)3]-3 H,0 was used as a Co(IlI)
precursor because this complex was published multiple times before as a reliable Co(III)
source for the generation of cyclen complexes.>%”

Co(lll)-1-hexadecyl-1,4,7,10-tetraazacyclododecane

1-Hexadecyl-1,4,7,10-tetraazacyclododecane (0.39 mmol) was dissolved in 1 mL of
1.2 M HCI and Na3[Co(C0O3)3]-3 H;0 (0.44 mmol) was added in small portions. The purple
mixture was heated to 66 °C for 5 min, cooled to room temperature and filtered. 90 mL of
acetone were added to the filtrate yielding a purple precipitate. The mixture was kept at
-18 °C overnight and the precipitate was filtered off and dried under vacuum.



Yield: 0.16 mmol (40%)

CHN analysis (C;5Hs5,N403ClCo-7 H,0-4 HCI): calcd. C 36.48, H 8.57 and N 6.81%; found
C 36.67,H 8.58 and N 6.92%.

MS (ESI*) (m/z): calcd. for [M-Cl]* 515.3366; found 515.3429.

TH-NMR (700 MHz, D,0): 6 = 0.79 (t, 3H, CH3), 1.21 (s, 26 H, alkyl-CH;), 1.65 (m, 2 H, CH3-
CH>), 2.55-3.34 (m, 18 H, cyclen-H, N-CH,).

13C-NMR (500 MHz, D,0): § 13.9, 21.5, 22.7, 27.5, 29.6, 29.8, 30.0, 30.1, 30.2, 32.1, 47.5,
48.9,49.6,53.2,54.5,57.5, 166.7.

Cu(ll)-1-hexadecyl-1,4,7,10-tetraazacyclododecane

1-Hexadecyl-1,4,7,10-tetraazacyclododecane (0.85 mmol) was added to 15 mL of
methanol and Cu(Cl04),-6 H,0 (0.81 mmol) was added. The mixture was heated to 70 °C
and was kept at -18 °C overnight. A blue precipitate was filtered off and dried under
vacuum.

Yield: 0.54 mmol (63%)

CHN analysis (C24Hs5,N405Cl,Cu-2 CH30H): calcd. C 43.18, H 8.36 and N 7.75%; found
C43.31,H 8.05 and N 7.44%,.

MS (ESI*) (m/z): calcd. for [M-H]* 458.3404; found 458.3433.

S-2 Protein cleavage experiments
S-2.1 SDS-PAGE

In a typical experiment, to Tris-HCl buffer (50 mM final concentration, pH 7.4 or 9, in
deionized water) the protein of interest was added from a stock solution (75 puM for BSA,
225 pM for myoglobin). The final protein concentration was 0.75 uM and 2.25 uM (22.5
uM for tricine gels), respectively. The metal complexes were added in the respective
concentrations from an in situ formed stock solution if not stated otherwise.

The samples were incubated for given time and temperature. After incubation 10 pL of
the 500 pL incubation solution were added to 3.3 pL of reducing loading buffer (Rotiload
1, Carl Roth) and incubated for 5 min at 85 °C. 10 uL of this solution were loaded onto the
gel (Any kD™ Mini-PROTEAN® TGX Stain-Free™ Gels, Bio-Rad). Electrophoresis was
carried out at 200 V for 35 (BSA) or 30 (myoglobin) min in SDS buffer (Laemmli Buffer,
Carl Roth; Rotiphorese® 10X SDS-PAGE, Carl Roth)® using a vertical electrophoresis unit
(Mini-PROTEAN Tetra cell, Bio-Rad). The gels were activated (UV light-induced reaction
of compounds within the gels with tryptophan residues of the protein) to generate
fluorescence and recorded with a Bio-Rad Gel Doc™ EZ system.

For the tricine gel a Mini-PROTEAN® Tris-tricine Precast Gel (10-20%), 10X
Tris/Tricine/SDS, Tricine sample buffer and B-mercaptoethanol from Bio-Rad were
applied. 10 pL of the sample were mixed with 9.5 pL of the sample buffer and 0.5 pL of -
mercaptoethanol. The solution was heated to 70 °C for 10 min and 10 pL were loaded onto
the gel. Electrophoresis was carried out for 85 min at 100 V. The gels were stained with
RotiBlue® (Carl Roth) according to the company’s manual and recorded with a Bio-Rad
Gel Doc™ EZ system.
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Fig. S-1 SDS-PAGE, concentration-dependent cleavage of BSA with the complexes of 1-hexadecylcyclen, 1-
dodecylcyclen and 1-decylcyclen (L3, L2 and L1 from top to bottom, Co(lll) on the left, Cu(ll) on the right).
Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in the figure are given in mM.
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Fig. S-2 SDS-PAGE, concentration-dependent cleavage of BSA with Cu(ll) cyclen (left) and cyclen (right).
Incubation at 50 °C and pH 9 for 48 h. Concentrations of complex and ligand in the figure are given in mM.
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Fig. S-3 SDS-PAGE, concentration-dependent cleavage of BSA with the precipitated and re-dissolved complexes
of L3 (Co(lll) on the left, Cu(ll) on the right). Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in the
figure are given in mM.
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Fig. S-4 SDS-PAGE, concentration-dependent cleavage of myoglobin with the complexes of L3 (Co(lll) on the left,
Cu(ll) on the right). Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in the figure are given in mM.
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Fig. S-5 SDS-PAGE, concentration-dependent cleavage of BSA with Cu(ll) L3. Incubation at 37 °C and pH 7.4 for
48 h. Complex concentrations in the figure are given in mM.
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Fig. S-6 SDS-PAGE, time-dependent cleavage of BSA with the complexes of L3 (Co(lll) on the left, Cu(ll) on the
right, 0.05 mM). Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in the figure are given in mM.
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Fig. S-7 SDS-PAGE, BSA cleavage with Cu(ll) L3, Co(lll) L3, Cu(NOs),-3 H,0 and CoCl,-6 H,0, respectively.
Incubation at 50 °C and pH 9 for 48 h. Cleavage agent concentrations in the figure are given in mM.
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Fig. S-8 SDS-PAGE (Tricine), myoglobin cleavage with Cu(ll) L3 (0.05 mM), pH given in the figure. Incubation at
50 °C for 48 h. Myoglobin concentration: 22.5 uM.
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Fig. S-9 SDS-PAGE, BSA cleavage with Zn(ll) L3. Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in
the figure are given in mM.
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Fig. S-10 SDS-PAGE, comparison of the proteolytic activity of Cu(ll) L3 towards BSA incubated with Tris-HCI buffer
and MOPS-NaOH (50 mM, pH 7.4). Incubation at 50 °C and pH 9 for 48 h. Complex concentrations in the figure
are given in mM.

S-2.2 MALDI-ToF MS

For MS measurements the myoglobin samples were prepared in the same way as for the
SDS-PAGE experiments with the same concentrations of all compounds but at a pH of 7.4
(Tris-HCI, 50 mM).

Protein masses were analyzed by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-ToF MS) using an Ultraflex-II ToF/ToF instrument
(Bruker Daltonics, Bremen, Germany) equipped with a 200 Hz solid-state Smart beam™
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laser. The mass spectrometer was operated in the positive linear mode. MS spectra were
acquired over an m/z range of 3,000-20,000, and data were analyzed using FlexAnalysis
2.4 software provided with the instrument. Sinapinic acid was used as the matrix and the
samples were spotted using the dried-droplet technique (undiluted sample directly from
the incubation sample and saturated matrix solution 1:1).

S-3 Cytotoxicity studies

A549 lung epithelial cancer cells (DSMZ - German collection of microorganisms and cell
cultures, #ACC 107) were maintained in DMEM medium (Life Technologies) with 10%
FBS (FBS Superior, Merck Millipore) and 1% penicillin/streptomycin (Life Technologies)
at 37 °C and 5% CO,. For each MTT assay, 10,000 cells/well were seeded into 96 well
plates and grown overnight. The next day, medium was discarded and replaced with 50 pL
fresh medium and 50 pL of serial dilutions of the test compounds in triplicates and put
back in the incubator for 48 h. After this time, the medium was discarded and replaced
with 100 pL/well fresh medium and 10 pL/well MTT (Sigma, 5 mg/mL stock solution in
PBS) and incubated for another 4 h at 37 °C. The supernatant was discarded and 100
uL/well isopropanol with 0.04 M HCI was added to dissolve the formazan dye crystals
formed. Absorbance was read at 570 nm in a microplate reader (Tecan Infinite M200Pro).
Absorbance values of untreated cells were set as 100% and relative viabilities were
calculated as percentage of 100% control. Standard errors of the mean (SEM) were
calculated and nonlinear dose-response curves (log (inhibitor) vs. normalized response -

variable slope) were fitted to the data of three independent experiments using GraphPad
Prism 5.
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Fig. S-11 Cytotoxicity profiles of Cu(ll) and Co(lll) cyclen and L2 complexes as determined by MTT assay on A549
lung cancer cells. Error bars are +/- SEM.

S-4 “Pyrene 1:3 ratio” method for cmc determination

Pyrene was dissolved in Tris-HCl buffer (50 mM, pH 9) resulting in a 0.4 pM solution of
the fluorescent probe. The complex solution was titrated to the buffer and fluorescence
spectra were recorded for various concentrations on a Hitachi F-4500 fluorescence
spectrometer. For all complexes the fluorescence intensity decreased drastically
throughout the experiment before the cmc was reached. This made a change of the slit



width from 5 to 10 nm necessary to detect a spectrum with a convenient signal-to-noise-
ratio. Since the third vibronic peak I3 was not clearly detectable, values found in the
literature (385 nm for I3 and 375 nm for [;) were utilized to calculate the cmc.? A sigmoidal
curve was obtained for all complexes as can be seen exemplarily in Figure S-12 for Co(1II)
L3, and the cmc was read off at the inflection point.
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Fig. S-12 Plot of 1,/I5 vs. logarithmic concentration of Co(lll) L3.

The values for the cmc of all complexes can be found in Table S-2.

Table S-2 Critical micellar concentration.

Complex cmc [mM]
Cu(Il) L1 0.47
Cu(Il) L2 0.18
Cu(I) L3 0.08
Co(II) L3 0.12
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