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Abstract 

Lipoxygenases metabolize polyunsaturated fatty acids into signalling molecules such as leukotrienes 

and lipoxins, which play a regulatory role in several inflammatory lung diseases such as asthma, 

chronic obstructive pulmonary disease (COPD) and chronic bronchitis. Human 15-lipoxygenase-1 (15-

LOX-1) is an important mammalian lipoxygenase and plays a crucial role in the biosynthesis of these 

inflammatory signalling molecules. New classes of inhibitors are needed to explore the lipoxygenases 

as therapeutic targets. Here, we present the first study that identifies ruthenium(II) (Ru(II)) complexes 

as novel inhibitors of 15-LOX-1. Our study includes two novel Ru(II) complexes (C1a and C1b), 

bearing the sulfur macrocycle [9]aneS3, S-bonded dimethylsulphoxide (dmso-S), and chelate N,N- or 

N,O-donor ligands which were characterized by high-resolution NMR spectroscopy, X-ray 

crystallography and other standard physicochemical methods. These novel complexes and previously 

described Ru(II) complexes with the general formula [(η6-p-cymene)RuCl(O,O-ligand)]Cl were tested 

for inhibition of 15-LOX-1. This enabled identification of Ru(II) complexes that inhibit 15-LOX-1 with a 

potency in low micromolar range. Enzyme kinetic analysis was also performed, suggesting 

uncompetitive inhibition.  
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Introduction 

Lipoxygenases (LOXs) are non-heme, iron containing enzymes that catalyse positional and 

stereospecific insertion of oxygen (O2) into polyunsaturated fatty acids (PUFAs), such as arachidonic or 

linoleic acid.[1,2] In humans, LOX mediated conversion of PUFAs generates signalling molecules such as 

leukotrienes, lipoxins and eoxins,[3–5] which play a regulatory role in several inflammatory and 

respiratory diseases. New classes of inhibitors are needed to explore the lipoxygenases as therapeutic 

targets. 

The LOX enzymes are classified as 5-, 8-, 12- and 15-LOX based on their regioselectivity for 

arachidonic acid metabolism in mammals. In humans, there are two isoforms of 15-LOX, namely 15-

LOX-1 and 15-LOX-2.[6] The enzyme 15-LOX-1 (also referred to as 12/15-LOX) prefers linoleic acid as 

its major substrate over arachidonic acid,[7,8] which is remarkable since arachidonic acid is preferred by 

most other mammalian lipoxygenases. Arachidonic acid is converted into 15S-hydroperoxy-

5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HpETE), which can be reduced to 15(S)-HETE (Figure 1).[9] 

Comparably, linoleic acid is converted into 13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-

HpODE), which can be reduced to 13(S)-HODE. 

 

 

Figure 1. Arachidonic acid and linoleic acid and their respective product upon conversion by 15-LOX. 

 

The 15-LOX-1 enzyme is predominantly expressed in human airway epithelial cells, reticulocytes, 

eosinophils, alveolar macrophages, mast cells and dendritic cells, which suggests a major role in 

airway inflammation.[10] Several studies describe a role for 15-LOX-1 in allergic airway diseases [11–13] 

and in chronic airway inflammation.[14] 15-LOX-1 has also been described to play a role in cancer,[15,16] 

and atherosclerosis.[17] 
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Due to the key role of 15-LOX-1 in several disease processes several types of small molecule 

inhibitors of this enzyme have been developed. The one of the first inhibitors for this enzyme is an 

indole based compound denoted PD-146176, which is active in the low micromolar range.[18] In a 

research program by the company Bristol–Myers Squib a series of inhibitors have been developed 

with potencies in the nanomolar range such as tryptamine-based compounds,[19] imidazole-based 

compounds [20] and pyrazole-based compounds.[21] These compound suffer however from poor 

pharmacokinetics in vivo. In addition, 3-aroyl-1-(4-sulfamoylphenyl)thiourea [22] and pyrimidinylthio-

pyrimidotriazolothiadiazine [23] derivatives were published as soybean 15-LOX inhibitors with activities 

in the micromolar range. Recently, our research group described anacardic acid derived salicylates as 

LOX inhibitors, which also proved to be active in the micromolar range.[24–26] 

Many ruthenium complexes were tested as potential anticancer agents and two complexes, namely 

NAMI-A (trans-[imH] [RuCl4(dmso-S)(im)]; im, imidazole) and KP1019 (trans-[indH][RuCl4(ind)2]; ind, 

indazole) have successfully entered clinical trials.[27,28] NAMI-A is selectively active against metastases 

of solid tumors,[29] while KP1019 is active against colorectal tumors.[30] It also has been shown that 

inhibition of enzyme activities is of great importance in the mode of action of ruthenium-containing 

compounds. In contrast with the omnipresent DNA, various proteins are overexpressed in cancerous 

cells thus making them valuable potential targets for drugs with high selectivity. This, together with 

the modest price of starting material RuCl3, its low toxicity and its predictable and established 

synthetic chemistry as well as the high number of possible structural modifications of the octahedral 

metal coordination scaffold in comparison with organic frameworks makes ruthenium highly attractive 

metal for the development of chemotherapeutics with novel modes of action.[31,32] Meggers and 

coworkers developed organoruthenium compounds as protein kinase inhibitors which are air- and 

water-stable.[33] Dyson and coworkers evaluated a series of ruthenium(II)-arene (RAPTA) compounds 

for the ability to inhibit thioredoxin reductase and chatepsin B, two possible targets for anticancer 

metallodrugs. Herein, the cleavage of the metal-chloride bonds is observed, in some cases followed 

by subsequent loss of the pta ligand.[34] Ruthenium compounds as protease cathepsin K inhibitors 

were investigated by Kodanko and coworkers. They demonstrated for the first time that intracellular 

light-activated enzyme inhibition is possible using ruthenium caging approach. This photoactivated 

inhibitors have potencies in the nanomolar range and no apparent toxicity.[35] Furthermore, ruthenium 

polypiridyl complexes were discovered to inhibit human telomerase and topoisomerase as well as 

show comparable cytotoxicities as cisplatin [36] as well as inhibit acetlycholineesterase and prevent 

amyloid-β aggregation thus making them promising candidates for anticancer and antialzheimer drug 

trials.[37] 
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In recent years, our group has investigated the possible application of organoruthenium derivatives of 

clinically used drugs as potential anticancer agents.[38] Application of metal-based drugs in non-

oncology applications is gaining importance and some interesting examples have been described for 

Ru(II) complexes.[39] Our complexes were for example tested for activity against tropical diseases [40] 

and fungal diseases.[41] Additionally, their affinity for potential macromolecular targets such as DNA, 

transport proteins was studied and their inhibitory action against various enzymes has also been 

tested (human topoisomerase, cathepsins, aldo-keto reductases).[40,42–44] 

Even though research in the past decade has been focused towards organometallic half-sandwich 

Ru(II) complexes,[45,46] it has been shown that the π-bonded aromatic ligands are not essential for the 

anticancer activity of ruthenium complexes.[47] Therefore the activities of Ru(II) complexes with face-

capping ligand like sulfur macrocycle 1,4,7-trithiacyclononane ([9]aneS3) substituting η6-arene ligands 

have also been investigated.[42,48,49] Since the exact mechanism of action of different types of 

ruthenium complexes is not fully understood and while it is possible that they hit multiple targets, it 

is important to investigate interactions with various potential targets to gain insight into the possible 

modes of action. 

In this paper, we present the continuation of our research on the physicochemical and biological 

properties of Ru(II) complexes with different ligands with the general formulas 

[Ru([9]aneS3)(dmso)(N,N- or N,O-donor ligand)](PF6)2 and [(η6-p-cymene)RuCl(O,O-ligand)]Cl. We 

evaluated the inhibitory action of Ru(II) complexes against the iron dependent 15-LOX-1 enzyme 

using the recombinant enzyme and an enzyme activity assay based on the UV-absorbance of the 

reaction product. Both newly synthesized compounds were characterized by NMR, X-ray diffraction 

and other standard physicochemical methods. The stability of the complexes in DMSO and aqueous 

solution was studied by the means of NMR spectroscopy. The enzyme inhibition and enzyme kinetics 

were also determined.  

Results and discussion 

Synthesis and Characterization of Ligand L1a and Ru(II) Complexes C1a and C1b 

The reaction between ruthenium precursor [Ru([9]aneS3)(dmso)3](PF6)2 (P1) and 1.05 equivalent of the 

appropriate N,N- or N,O-donor ligand in refluxing methanol led to the replacement of two dmso 

ligands, with the formation of the dicationic complexes (C1a and C1b) with the general formula of 

[Ru([9]aneS3)(N,N- or N,O-ligand)(dmso)](PF6)2, where the ligands were 4,5-bis(methoxycarbonyl)-[2,2’-

bipyridine] 1-oxide (L1a) and dimethyl 6-(pyridine-2-yl)pyridine-3,4-dicarboxylate (L1b) (Scheme 1). 

Both novel complexes were characterized by elemental (CHN) analysis and IR spectroscopy in the 
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solid state, and by NMR, ESI-HRMS and UV-Vis spectroscopy in solution. The solid state structures of 

ligand L1a and both complexes C1a and C1b were also determined by X-ray crystallography. 

The proton and carbon NMR spectra of complex C1b were recorded in acetone, whereas spectra of 

complex C1a were recorded in DMSO because the complex is not stable in acetone. The collected 

data confirmed the predicted structures and the purity of prepared complexes as well as the integrity 

of each compound in solution. Both products share a common structural pattern: the methylene 

protons of the face-capping [9]aneS3 ligand are in the region δ 2.36–3.59 ppm as a characteristic set 

of resonances. The two methyl groups of the dmso ligand are diastereotopic due to the unsymmetric 

N,N-/N,O-ligands, therefore they resonate as two distinct singlets. Interestingly, in the spectrum of 

complex C1a the Δδ between these two singlets is unusually high (Δδ = 0.69 ppm) in comparison 

with the spectrum of complex C1b and previously published similar complexes (Δδ = 0.14 – 0.25 

ppm).[44] Other peaks correspond to the N,N-/N,O-ligand coordinated to the central Ru(II) ion. Due to 

the different electron environments the proton peaks in bonded ligands are up shifted in comparison 

to peaks in free ligands. This is most likely because of the decrease of electron density upon bonding 

to the electropositive ruthenium ion and is the most obvious in the region of the aromatic protons. 

The –COOCH3 group protons are in the region δ of 3.95 – 4.02 ppm. The carbon NMR spectrum is 

also compatible with the geometry and low symmetry of complexes, therefore all the peaks are 

singlets – six resonances belonging to the non-equivalent methylene carbons of the [9]aneS3 ligand, 

two signals (very closely spaced) for the carbons of the diastereotopic methyl groups of the dmso 

ligand together with the expected peaks of the bonded N,N-/N,O-ligand. 

Single crystals of ligand L1a were obtained by slow evaporation from ethyl acetate and of complexes 

C1a and C1b from a mixture of methanol/ethanol. In comparison to similar ligands crystal structures 

from our previously published paper [44] also here the crystal structure of ligand exists in more stable 

trans conformation, according to the nitrogen atoms in the aromatic rings (Figure 2, atoms N1 and 

N2). As a curiosity the aromatic rings, which were almost coplanar in referenced paper (angle φpy-Ar 

was between 3.58 – 7.17°) significantly deviate in the crystal structure of ligand L1a (φpy-Ar = 19.92°). In 

addition, also the methoxycarbonyl groups in the crystal structure L1a do not follow the pattern 

already observed. To remember, methoxycarbonyl groups at position 4 were almost coplanar with the 

pyridine ring (φ4 = 4.37° – 8.63°), whereas the methoxycarbonyl groups at position 5 were almost 

perpendicular to the pyridine ring (φ5 = 82.09° – 87.28°) (see Scheme 1 for atom numbering). In the 

case of ligand L1a the angles are 27.84° and 48.78° respectively, which again shows a significant 

deviation in comparison to already known structures. 
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Figure 2. Crystal structure of ligand L1a, with heteroatom labelling. Hydrogen atoms are omitted for clarity. The 

thermal ellipsoids are shown at 20 % probability level. 

In both analysed dicationic complexes (C1a, C1b, Figures 3A,B), the ruthenium centre displays the 

expected distorted octahedral geometry with the tridentate [9]aneS3 ligand in the facial geometry, 

one chelating N,N-/N,O-ligand and one dmso molecule bonded through sulfur. The positive charge 

of these complexes is balanced by two PF6
- anions. The bite angles in both bidentate ligands are 

fairly similar (80.99° and 78.01° for C1a and C1b respectively, Table 1) even though we are dealing 

with a different type of ligand. The main difference observed is in the angle between the aromatic 

rings, 41.55° and 10.40° respectively due to the strain caused by the extra oxygen atom (Figure 3A, 

atom O5) in complex C1a. The bond lengths observed in both crystal structures are comparable to 

those in previously published crystal structures, and also the pattern of slightly elongated Ru–S bond 

distance trans to the dmso ligand in comparison to the bond distances trans to the N,N-/N,O-ligand 

is observed.[44,47,50,51] Crystal structures of complexes C1a and C1b are additionally stabilized by weaker 

interactions between the hydrogen atom and the carbonyl or dmso oxygen atoms. 

 

 

Figure 3. A) Crystal structure of novel Ru(II) complex C1a, with heteroatom labelling. Hydrogen atoms and 

hexafluorophosphate anions are omitted for clarity. The thermal ellipsoids are shown at the 20% probability level. B) 

Crystal structure of novel Ru(II) complex C1b, with heteroatom labelling. Hydrogen atoms and hexafluorophosphate 

anions are omitted for clarity. The thermal ellipsoids are shown at the 20% probability level. 

A B
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Table 1. Selected bond distances (Å) and angles (°) in crystal structures of complexes C1a and C1b. 

 C1a C1b 

Ru-S1 2.333(1) 2.3442(7) 

Ru-S2 2.319(2) 2.3250(6) 

Ru-S3 2.301(1) 2.3155(7) 

Ru-S4 2.313(1) 2.3053(7) 

Ru-N1(O5) 2.131(4) 2.097(3) 

Ru-N2 2.139(5) 2.091(2) 

N1(O5)-Ru-N2 81.99(1) 78.01(9) 

 

Chemical Behaviour in Aqueous Solution 

In order to estimate the stability of these complexes the behaviour of novel Ru(II) complexes in 

aqueous solution was investigated by means of 1H NMR spectroscopy at room temperature. The 

chemical changes in the spectra were monitored mainly through the aromatic part of the N,N-/N,O-

ligand, since the multiplets of [9]aneS3 ligand are unsuitable for monitoring purposes. Interestingly, 

complex C1a and C1b show a completely different behaviour in aqueous solution. Complex C1b is 

relatively stable, since no changes were observed in 1H NMR spectra after dissolution in D2O in the 

timeframe of the experiment. On the other hand, for complex C1a additional peaks were observed 

already after 30 minutes and after one day the presence of an intermediate compound is observed, 

which is later on converted further into complex C1b (Figure 3B). After a month complex C1a is fully 

converted to complex C1b, which is overall a reduction reaction. In view of the observed instability 

the complexes were dissolved immediately before use in the biological assays.  



 Ru(II) Complexes as Inhibitors of 15-LOX-1 

 

69 

 

3 

 

Figure 4. Time-dependent 1H NMR spectra of complex C1a in aqueous solution (first six spectra) in comparison to 

C1b complex (spectrum at the bottom). 

 

Inhibition of 15-LOX-1 Activity by Ru(II) Complexes 

Selected previously published complexes C2,[44] C3,[52,53] C4,[38] and newly synthesized Ru(II) complexes 

C1a and C1b (Figure 5) were screened for inhibition at concentrations of 50 μM (Figure 6). The 

residual enzyme activity was measured after 10 min incubation with the inhibitors at room 

temperature. Four of Ru(II) complexes showed 60% to 70% inhibition of 15-LOX-1 at 50 μM. 

Noteworthy is that between the newly synthesized complexes, only the complex C1a with the N,O-

ligand showed inhibition while structurally similar complex C1b with N,N-ligand showed no inhibition 

of the enzyme. In addition, the ligands of the active complexes were screened for inhibition of 15-

LOX-1 at the same concentration of 50 µM and showed no inhibition of the enzyme (Figure 5 and 6). 

This demonstrates that the Ru(II) complexes inhibit the enzyme whereas free ligands are not active. 

The complexes with 50% inhibition or more at 50 μM were subjected to IC50 determination (Table 2). 

The IC50 values were in the same range and vary between 7.2 µM to 13.5 µM (Table 2, Figure 7). The 

inhibitory potency of the Ru(II) complexes proved to be, to our delight, comparable with the known 

15-LOX inhibitor PD-146176, which was measured in our previous studies.[26] 
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Figure 5. Selected Ru(II) complexes and free ligands used in this study. 

 

 

 

Figure 6. Residual enzyme activity observed for the screening of Ru(II) complexes and free ligands (Figure 5) for 

inhibition of 15-LOX-1 in presence of 50 µM of the respective compounds. The enzyme activity in absence of 

inhibitor (pc, positive control) was set to 100% and the background signal in absence of the overexpressed 15-LOX-

1 was set to 0%. The averages and standard deviations of the individual measurements are shown. 

 

0

20

40

60

80

100

120

PC C1a C1b P1 P2 C2 C3 C4 L1a L1b L3 L4

En
zy

m
e

 a
ct

iv
it

y 
(%

) 



 Ru(II) Complexes as Inhibitors of 15-LOX-1 

 

71 

 

3 

Table 2. IC50 values of the Ru(II) complexes. 

Complex IC50 (μM) 

P2 13.5 ± 3.2 

C1a 7.5 ± 1.3 

C3 7.6 ± 1.2 

C4 7.2 ± 1.7 

All the values are reported with the standard deviation after non-linear curve fitting. P2 ruthenium precursor 

bis[dichlorido(η6-p-cymene)ruthenium(II)]. 
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Figure 7. Representative example of an inhibition plot for complex C4. The log [C4] is plotted against the enzyme 

activity as a percentage of the controls. The data points are averages of triplicates and the standard deviation is 

shown. The data were fitted by non-linear curve fitting. 

 

In order to explore the enzyme inhibition further Ru(II) complex C1a was subjected to enzyme kinetic 

analysis. Inhibitor C1a causes a decrease in Km value as well as the Vmax (Table 3), which indicates 

uncompetitive inhibition (Figure 8). This behaviour effect is remarkable since uncompetitive inhibition 

occurs when the inhibitor (I) binds only to the enzyme-substrate complex (ES) and not to the free 

enzyme (E). With this type of inhibition the enzyme-substrate-inhibitor complex (ESI) cannot form 

product (P), so the enzymatic reaction is inhibited. Based on the uncompetitive binding model it can 

be presumed that the Ru(II) complex binds to the substrate bound enzyme to give an inactive 

enzyme species (Figure 9). In this case we could speculate that a Ru(II) complex might act as a 

reducing agent for the endoperoxide radical product of the substrate bound to the enzyme active 

site. This would inhibit the regeneration of the active Fe(III) enzyme species and thus inhibit its 

activity.  
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Figure 8. Steady-State kinetic characterization of 15-LOX-1 in the presence of different concentrations of Ru(II) 

complex C1a: A) Michaelis-Menten representation and B) Lineweaver-Burk representation. 

Table 3. Enzyme kinetic parameters for inhibition of 15-LOX-1 by Ru(II) complex C1a. 

C1a (µM) Km
app (µM) Vmax

app (absorbance/s) P-value 

0 18.8 ± 7.4 13.2 x 10-4 ± 2.1 x 10-4
 0.0036 

5 13.6 ± 5.6 6.8 x 10-4 ± 1.0 x 10-4 0.0038 

10 9.4 ± 7.1 4.8 x 10-4 ± 1.1 x 10-4 0.0050 

20 8.5 ± 3.8 3.6 x 10-4 ± 0.4 x 10-4 0.0021 

All the p-values were calculated in GraphPad Prism after linear regression fit. The p-values show that the slopes are 

significantly non- zero (p-value < 0.05).  

 

Figure 9. The mechanism of uncompetitive inhibition. The inhibitor binds to the enzyme-substrate (ES) complex 

forming an enzyme-substrate-inhibitor (ESI) complex, which inhibits the enzymatic reaction. 
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Conclusions  

15-LOX-1 is an important mammalian lipoxygenase which plays an important role in the biosynthesis 

of leukotrienes, lipoxins and other signalling molecules. These signalling molecules play a regulatory 

role in several respiratory diseases and thus represent important targets for the development of new 

drugs. Herein we present the first study that identifies Ru(II) complexes as novel inhibitors of 15-LOX-

1. Two different types of complexes were tested with the general formulas: [Ru([9]aneS3)(dmso)(N,N- 

or N,O-donor ligand)](PF6)2 and [(η6-p-cymene)RuCl(O,O-ligand)]Cl. Among the seven tested Ru(II) 

complexes, two were newly synthesized (C1a and C1b). Both novel complexes were completely 

characterized and also their crystal structures have been determined. The data reported herein reveal 

four Ru(II) complexes as inhibitors of 15-LOX-1 with a potency in low micromolar range, whereas the 

respective free ligands showed no inhibition of the enzyme. Enzyme kinetic analysis of a Ru(II) 

complex (C1a) showed uncompetitive inhibition, which indicates that it binds to the substrate bound 

enzyme. In this study, we identify lipoxygenases as a new class of enzymes that is inhibited by Ru(II) 

complexes, which is important for a better understanding of the action of ruthenium based drugs. 

Experimental Section  

Materials and Methods 

All starting materials were purchased from commercial suppliers (Aldrich) and used as received. 

Compounds [(9aneS3)Ru(dmso)3](PF6)2 (P1), 4,5-bis(methoxycarbonyl)-[2,2'-bipyridine] 1-oxide (L1a) 

and dimethyl [2,2'-bipyridine]-4,5-dicarboxylate (L1b) were synthesized as previously described in the 

literature.[54,55] 1H and 13C NMR spectra of complexes (C1a and C1b) were recorded on Bruker Avance 

III spectrometer at 500.10 MHz and 126 MHz at room temperature by using tetramethylsilane (TMS) 

as an internal standard. The infrared spectra were recorded with Perkin-Elmer Spectrum 100 FTIR 

spectrometer, equipped with a Specac Golden Gate Diamond ATR as a solid sample support. The 

measurements were made in the range from 4000 to 600 cm-1. The UV-VIS spectra were collected on 

Perkin-Elmer LAMBDA 750 UV/Vis/NIR spectrophotometer, in a methanol solution at 2·10-5 mol/L. The 

CHN elemental analyses were determined using Perkin-Elmer 2400 Series II instrument (CHN) and 

ESI-HRMS were measured on Agilent 62224 Accurate Mas TOF LC/MS. NMR and IR spectra are 

included in the Supporting Information file. 

Synthesis 

Complexes C1a and C1b have been synthesized by the following general procedure (Scheme 1): 80.0 

mg of the ruthenium precursor [Ru([9]aneS3)(dmso)3](PF6)2 (P1, 0.099 mmol) and 1.05 molar 
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equivalents of the appropriate N,N- or N,O-donor ligand (0.104 mmol) were suspended in 15 mL of 

MeOH. The suspension gradually dissolved as the reaction mixture was heated. A clear dark orange 

solution was then refluxed for 2 h. The solvent was rotary-evaporated, replaced by EtOH, and the 

formed product was collected by filtration, washed with EtOH and diethyl ether and vacuum-dried. 

 

 

Scheme 1. Synthetic procedure for preparation of novel Ru(II) complexes C1a and C1b from precursor P1 and 

ligands L1a and L1b with the numbering scheme used for the NMR characterization. 

 

[Ru([9]aneS3)(L1a)(dmso)](PF6)2 (C1a) 

Complex was prepared according to a general procedure that used 30.1 mg 4,5-

bis(methoxycarbonyl)-[2,2’-bipyridine] 1-oxide (L1a)[55] (0.104 mmol) to give 75.6 mg C1a as a dark 

orange solid (yield, 81.4%). Crystals of complex C1a were obtained by slow evaporation of a 1:1 

methanol/ethanol solution. 1H NMR (DMSO-d6, 500.10 MHz): δ = 9.48 (s, 1H, Ar–H6), 9.27 (d, 1H, J = 

5.6 Hz, Ar–H6’ or Ar–H3’), 8.59 (s, 1H, Ar–H3), 8.40 (d, 1H, J = 5.7 Hz, Ar–H6’ or Ar–H3’ and td, 1H, J = 

6.0, 2.8 Hz, Ar–H4’ or Ar–H5’), 7.90 (td, 1H, J = 6.1, 2.8 Hz, Ar–H4’ or Ar–H5’), 3.96 (s, 3H, Ar–COOCH3), 

3.95 (s, 3H, Ar–COOCH3), 3.24-2.36 (m, 12H, –CH2–, [9]aneS3), 3.29 (s, 3H, SO(CH3)2), 2.60 (s, 3H, 

SO(CH3)2) ppm. 13C NMR (DMSO-d6, 126 MHz): δ 163.6, 161.9, 156.5, 149.6, 147.0, 142.5, 140.6, 136.9, 

130.5, 130.2, 129.1, 128.8, 53.9, 53.8, 44.7, 41.0, 35.5, 34.6, 31.8, 31.8, 30.6, 30.2 ppm. Anal. Calcd for 

RuC22H30N2O6S4P2F12: C, 28.18; H, 3.22; N, 2.99. Found: C, 28.08; H, 2.93; N, 3.22. ESI-HRMS (CH3CN) 

m/z (found [calcd] for M2+): 324.0015 [324.0016]. IR selected bands (cm–1, ATR): 3014, 2969, 1738, 

1596, 1550, 1438, 1315, 1275, 1107, 1020, 829. UV-Vis (λ / nm, [ε / L mol–1 cm–1]): 306 [15665], 401 

[1940].  

[Ru([9]aneS3)(L1b)(dmso)](PF6)2 (C1b) 

Complex was prepared according to a general procedure that used 28.3 mg dimethyl 6-(pyridine-2-

yl)pyridine-3,4-dicarboxylate (L1b)[55] (0.104 mmol), to give 72.0 mg C1b, as a dark orange solid (yield, 

78.9%). Crystals of complex C1b were obtained by slow evaporation of a methanol/ethanol solution. 
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1H NMR (acetone-d6, 500.10 MHz): δ 9.59 (s, 1H, Ar–H6), 9.43 (d, 1H, J = 5.6 Hz, Ar–H6’ or Ar–H3’), 9.07 

(s, 1H, Ar–H3), 9.05 (d, 1H, J = 8.2 Hz, Ar–H6’ or Ar–H3’), 8.52 (t, 1H, J = 7.9, Hz, Ar–H4’ or Ar–H5’), 8.04 

(t, 1H, J = 7.8, Hz, Ar–H4’ or Ar–H5’), 4.02 (s, 3H, Ar–COOCH3), 4.00 (s, 3H, Ar–COOCH3), 3.59-2.87 (m, 

12H, –CH2–, [9]aneS3), 3.06 (s, 3H, SO(CH3)2), 2.95 (s, 3H, SO(CH3)2) ppm. 13C NMR (acetone-d6, 126 

MHz): δ 165.7, 163.7, 160.7, 156.0, 155.7, 155.2, 144.2, 141.5, 131.3, 129.8, 127.6, 124.3, 54.1, 54.1, 

44.8, 44.6, 36.1, 34.9, 34.3, 33.8, 33.4, 32.9. Anal. Calcd for RuC22H30N2O5S4P2F12: C, 28.67; H, 3.28; N, 

3.04. Found: C, 28.77; H, 3.08; N, 2.95. ESI-HRMS (CH3CN) m/z (found [calcd] for M2+): 316.0041 

[316.0041]. IR selected bands (cm–1, ATR): 2960, 2901, 1728, 1615, 1546, 1451, 1433, 1311, 1276, 1149, 

1097, 826. UV-Vis (λ / nm, [ε / L mol–1 cm–1]): 306 [22805], 461 [3130].  

Single Crystal X-ray Diffraction 

X-ray diffraction data were collected on an Oxford Diffraction SuperNova diffractometer with Mo 

microfocus X-ray source (Kα radiation, λ = 0.71073 Å) for compounds L1a and C1a and Cu 

microfocus X-ray source (Kα radiation, λ = 1.54184 Å) for complex C1b with mirror optics and an 

Atlas detector at 150(2) K. The structures were solved by direct methods implemented in SIR92 [56] 

and refined by a full-matrix least-squares procedure based on F2 using SHELXL-97.[57] All non-

hydrogen atoms were refined anisotropically. The hydrogen atoms were placed at calculated positions 

and treated using appropriate riding models. The programs Mercury,[58] ORTEP [59] and Platon [60,61] 

were used for data analysis and figure preparation. The crystal structures of all named compounds 

have been submitted to the CCDC and have been allocated the deposition numbers CCDC 1059812-

1059814. 

Enzyme Inhibition Assay 

The 15-LOX-1 enzyme was expressed and purified as described before.[26] 15-LOX-1 activity was 

determined by the conversion of linoleic acid to 13S-hydroperoxy-9Z,11E-octadecadienoic acid (13(S)-

HpODE). The conversion rate was followed by UV-absorbance at 234 nm over time. It was observed 

that the stability of the purified 15-LOX-1 was relatively poor and the enzyme loses its activity after 

four days storage at -80oC. The identity of the purified h-15-LOX-1 was confirmed by western 

blotting (Figure S1). Control experiments were performed to confirm that the observed activity can be 

assigned to the expressed 15-LOX-1 and not to other proteins present in the crude bacterial 

lysates.[26] For the activity assay, the cell lysate containing the expressed enzyme was used without 

purification at a dilution to give a linear increase of 0.1 in absorbance over a period of 5 to 10 

minutes in the linear part of the curve. At the beginning the enzyme has a lag time and at the end 

substrate depletion starts to limit the conversion. The assay buffer was and aqueous solution of 25 

mM HEPES and the pH was set to 7.5 by titration with an aqueous solution of NaOH. The data 
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analysis was done using the Microsoft Excel Professional 2010 and Graphpad Prism 5.01 software. The 

measurement was done in 96 well plate employing a BioTek Synergy H1 plate reader.  

The cell lysate containing the enzyme h-15-LOX-1 was diluted in the assay buffer to such a 

concentration that addition of 50 L to the assay mixture gives a linear increase of about 0.1 

extinction units over 5 to 10 minutes in the linear part of the curve. The inhibitor solution was diluted 

from a 100 mM stock solution in DMSO to the required concentrations. The substrate, linoleic acid 

(Sigma Aldrich, L1376) was pre-diluted in ethanol to 500 µM. All experiments were performed in 

triplicate and the average triplicate values and their standard deviations are plotted. 

For screening of the inhibitors at 50 M concentrations the inhibitors were pre-diluted to 125 M of 

which 80 L was mixed with 50 L of the cell lysate and 60 L of the assay buffer before adding the 

10 L substrate solution in ethanol. This provides a reaction mixture with 50 M of the inhibitor and 

25 M of the substrate. For determination of the half maximal inhibitor concentrations (IC50’s) of the 

inhibitors serial dilution of the inhibitor were made to reach final concentration ranging from 0.19-

100µM in the same assay setup. The linear absorbance increase in absence of the inhibitor was set as 

100% enzyme activity, whereas the absorbance increase in absence of the enzyme was set to 0%.  

The same assay setup was used in the enzyme kinetic study. The final concentrations of the inhibitor 

were set to 20, 10, 5 or 0 M. The final concentrations of linoleic acid in the assay mixture ranged 

from 0.05 to 50 M resulting from stock solutions in ethanol with concentrations ranging from 0.1 

M to 1 M. The reaction velocities (v) were plotted against the substrate concentrations in a 

Michaelis-Menten plot and the Km and Vmax in the presence of the inhibitor were derived. The 

reciprocal of the velocities were taken and plotted against the reciprocal of the linoleic acid 

concentrations in a Lineweaver-Burk plot (Figure 8).  

 

Figure S1. Verification of the presence of h-15-LOX-1 in the purified fraction of the bacterial lysate using western 

blotting (two lanes with the same sample) (goat polyclonal to 15 Lipoxygenase 1, Abcam). 
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