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Abstract 

The sole role of bradykinin (BK) as an inflammatory mediator is controversial, as recent data also 

support an anti-inflammatory role for BK in Alzheimer’s Disease (AD). The involvement of two 

different receptors (B1R and B2R) could be a key to understand this issue. However, although 

copper and zinc dyshomeostasis have been demonstrated to be largely involved with the 

development of AD, a detailed study of the interaction of BK with these two metal ions has never 

been addressed. In this work, we have applied mass spectrometry, circular dichroism as well as 

computational methods in order to assess if copper and zinc have the ability to modulate BK 

conformation and oligomerization. In addition, we have correlated the chemical data with the 

metals effect on the BK activity analyzed in cell cultures by biochemical procedures. 

The biochemical analyses of BK effects on monocyte/macrophage cell culture (THP-1 Cell Line 

human) in line with the metals effect on BK conformation, showed that the presence of copper can 

affect the signaling cascade mediated by the BK receptors. The results obtained open to further role 

of metal ions, particularly copper, in the development and outcome of neuroinflammatory diseases. 

The possible implications in AD are discussed. 
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Introduction 

Bradykinin (BK) is a peptide containing nine amino acidic residues and is involved in several 

different biological activities, being a potent inflammatory mediator that is produced in both brain 

and peripheral cells under pathophysiological conditions such as trauma, stroke, ischemia, and 

asthma. BK is able to decrease blood pressure, increase vascular permeability and promote the 

classical symptoms of inflammation such as vasodilation, hyperthermia, edema, and pain.1 Levels 

of BK in humans can vary considerably depending on localization (on average, in plasma [BK] ≅ 

4*10-10 M, in the brain [BK] ≅ 1*10-9 M)2 and on specific conditions (BK concentrations in vivo 

range from 60 pM to ≥100 nM in humans).3 It is important to note that we cannot really know the 

concentration of BK at the cell surface in the vicinity of the receptor and theoretically this 

concentration could be micromolar in that membrane domain to evoke receptor activation. In 

pathological conditions, a rise in the level of BK in the respiratory system causes acute respiratory 

distress syndrome, dry cough, inflammation, and apoptosis via release of proinflammatory 

mediators such as cytokines and chemokines, while growing evidence also suggests a role for BK 

and its receptors in Alzheimer’s disease (AD).4 For example, a significant increase in densities of 

kinin B1 and B2 receptors in animals submitted to Aβ infusion was observed in brain regions 

related to cognitive behavior, suggesting the involvement of the kallikrein-kinin system in AD in 

vivo.5 Although BK is well recognized as a potent mediator of inflammation,6 a growing set of 

evidence suggests an anti-inflammatory role for BK in brain tissues.7 Indeed, BK applied to neurons 

can exert inflammatory effects, whereas in glial cells, BK can have a potential protective role for 

neurons by inhibiting proinflammatory cytokines.8 Interestingly, an increase of BK release in brain 

and cerebrospinal fluid (CSF) was found in rats chronically infused with Aβ.9 However, only a BK 

degradation product (Arg-Pro-Pro) was found in the brain, indicating the participation of proteases 

other than angiotensin converting enzyme (ACE) in BK degradation.10 Moreover, this result 

indicates that BK degradation products have also to be considered in order to fully understand the 
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biomolecular role of BK, as generally peptide fragments derived from a precursor protein 

(cryptides) could have biological roles that are different from the full-length protein.11 

From these data it is evident that the exact role of BK and/or BK cryptides in AD is not very clear 

and further studies targeting the potential interactions of BK with other recognized actors of AD are 

needed. Particularly, transition metal ions such as copper and zinc have been reported to play an 

important role in AD. Moreover, metal ion levels as well as metal-mediated oxidative damage to 

neuronal cells, which generally precedes Aβ deposition, have been reported to increase with normal 

aging.12 These metals accumulate within the plaque deposits and reach concentrations up to 300 

µM.13 Copper dishomeostasis has been correlated to many pathological states, and a wide range of 

possible molecular mechanisms and cellular targets have been claimed to be linked to pathological 

conditions challenged by bad management of copper levels or subcellular distribution. In addition, 

copper availability/redistribution is known to be responsible of various consequences in the 

progression of AD (as well as other neurodegenerative diseases), ranging from Aβ conformational 

changes and prooxidant reactions to alteration of APP maturation. Indeed, using chelators like 

clioquinol or PBT2 it has been also proved that observed beneficial effects can be due to prevention 

of extracellular Aβ-metal interactions and redistribution of Cu into cells (Prana Biotechnology Ltd). 

Moreover, these compounds promote cellular copper uptake, and up-regulation of cell signaling 

cascade involving a number of molecules with known neuroprotective activity.14--16 For these 

reasons, the ‘‘metal hypothesis of AD’’ has been consequently proposed, according to which the 

abnormal interaction between Aβ and metal ions has to be considered as one of the major culprits 

for the development of AD.17 However, if a dyshomeostasis of metal ions occurs in AD, the effect 

of altered metal ions concentrations and/or redistribution on biomolecules other than Aβ has to be 

taken into account to give further insights on the mechanisms at the base of AD. For this reason the 

interactions of copper and zinc with proteins such as ubiquitin,18-20 BDNF21 and proteases22 capable 

to degrade Aβ have been recently studied by our group.  

Page 4 of 37Metallomics

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

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



5 
 

In the literature, some studies focus on the interaction of BK with metal ions.23-26 However, the 

main aim of these studies was related to the design of new artificial catalysts and ACE inhibitors,23 

or the elucidation of gas phase interactions for unveiling the intrinsic preference of each metal ion 

for particular coordination geometries and ligand types.24 To the best of our knowledge, none of 

these studies focus on the role of copper and zinc in BK conformation and oligomerization and how 

these two metal ions affect BK stability and proneness to degradation. We think that these issues 

have to be addressed to better define the role of BK and metal ions in AD and, more generally, to 

ascertain if the interaction of BK with metal ions can have an effect on BK functions. For these 

reasons, here we have applied mass spectrometry (MS), circular dichroism (CD) as well as 

computational methods in order to assess if copper and zinc have the ability to modulate BK 

conformation and oligomerization or have an effect on its stability and proneness to degradation by 

insulin-degrading enzyme (IDE).27 Moreover, The biochemical analyses of BK effects on 

monocyte/macrophage cell culture (THP-1 Cell Line human) in line with the metals effect on BK 

conformation, showed that the presence of copper can affect the signaling cascade mediated by the 

BK receptors. 

Experimental 

Materials and methods 

IDE, wild type recombinant, was purchased from GIOTTO Biotech srl. BK and all the other 

reactants were purchased from SIGMA-ALDRICH. 

The enzymatic digestions of BK by IDE were carried out as follows. The peptide at various 

concentrations was incubated with IDE (8ng/µl) in 10 mM MOPS (pH 7.4) at 37°C, in the presence 

or absence of the metal ion (copper(II) or zinc(II)) for 60 min. In order to stop the enzymatic 

reaction, a 10% solution in trifluoroacetic acid (TFA) was added to the different aliquots in order to 

achieve a final concentration of TFA of 0.2%. Sample solutions were purified by ZIPTIPC18 and 
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after dilution with 50 µl of water and 50 µl of Methanol were injected into the MS ion source at a 

flow-rate of 5 µl/min, using nitrogen as drying gas. 

 

Computational analysis 

The BK peptide underwent 10 ns of parallel tempering (PT) simulations in explicit solvent, after 

have been equilibrated through 2 ns of MD in explicit solvent. GROMACS 4.5.6 package28 was 

used. The overall charge of the system was neutralized by adding 2 chloride ions. Periodic 

boundary conditions were applied. The AMBER99SB29 force field was used for the biomolecules 

and counter ions, and the TIP3P30 force field was used for water molecules. Electrostatic 

interactions were calculated using the Particle Mesh Ewald method.31 A cutoff (0.9 nm) was used 

for the Lennard-Jones interactions. The time-step was set to 2 fs. All bond lengths were constrained 

to their equilibrium values using the SHAKE32 algorithm for water and the LINCS33 algorithm for 

the peptide. We simulated 64 replicas distributed in the temperature range 300-400 K following a 

geometric progression. All replicas were simulated in NVT ensemble using a stochastic 

thermostat34 with a coupling time of 0.1 ps. A thermostat that yields the correct energy fluctuations 

of the canonical ensemble is crucial in parallel tempering simulations.35 Exchanges were attempted 

every 0.1 ps. The method of Daura and Van Gunsteren36 was used in post-processing phase to 

cluster the resulting trajectories, with a cutoff of 3 Å calculated on the backbone atoms as 

implemented in the clustering utility provided in the GROMACS package.28 

To the former clusters were coordinated to Zn2+ and Cu2+ in a 1:1 and 2:1 BK:metal stoichiometric 

ratio. The coordination geometries were optimized at the HF level of theory within the 6-31G** 

basis sets through the Gaussian 09 revision D.01 package37 with a root mean square displacement of 

10-3 Å. ECD spectra were calculated using the DICHROCALC platform.38 

 

Mass Spectrometry 
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ESI-MS experiments were performed by using a Finnigan LCQ DECA XP PLUS ion trap 

spectrometer operating in the positive ion mode and equipped with an orthogonal ESI source 

(Thermo Electron Corporation, USA). The mass spectrometer operated with a capillary voltage of 

46 V and capillary temperature of 250oC, while the spray voltage was 4.3 kV. In the presence of 

Cu2+, the BK-metal ion complex is very sensitive to the ionization potentials, so that, if a high 

potential (≥1.5 kV) is used, the copper(II) is reduced to copper(I), a behaviour already observed for 

other copper complexes (see figure 1S).39 

 

Circular Dichroism spectroscopy 

Far-UV CD spectra of BK were recorded with a Jasco J-810 spectropolarimeter equipped with a 

Peltier thermally controlled cuvette holder (JASCO PTC- 348). BK concentrations used in CD 

experiments were in the range of 35–100 µM. CD spectra were recorded using a 0.5-cm path 

length quartz cuvette, from 260–190 nm, at 0.1 nm data pitch, 50 nm/min, with a response time of 

2 s. All spectra, corresponding to an average of 10 scans, were base-line-corrected by subtracting 

the signal of the buffer form the CD of the sample. CD curves were recorded in pure water and the 

pH was adjusted to neutrality by adding NaOH or H2SO4. CD spectra are expressed as the mean 

residue molar ellipticity40 [θ] expressed in deg cm2 dmol-1:  

��� =
��×�		×


�×�×�
   (1) 

where CD is the ellipticity in degrees, l is the optical path in cm, M is the molecular weight, n is the 

number of residues and C is the concentration in mg/ml.  

 

Cell cultures 

The human monocytic leukemia cell line THP-1 was grown in RPMI 1640 culture medium (Lonza, 

Switzerland) supplemented with 10% of fetal bovine serum (FBS; Invitrogen, UK.) and 1% of 
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penicillin/streptomycin(P/S) (Lonza, Switzerland) at 37 °C in 5% CO2 in a humidified incubator. 

LPS (E. coli 0111:B4) was purchased from Sigma.  

 

Macrophage differentiation and stimulation 

The mature macrophage-like state was induced by treating THP-1monocytesfor 1 week with 100 ng 

ml−1phorbol 12-myristate 13-acetate (PMA; Sigma Chemical) in 35 mm cell culture plates 

(NUNC, Denmark) with 3 ml cell suspension in each well. It has been demonstrated that this 

differentiation method of THP-1 cells resulted in the expression of macrophage specific surface 

markers CD11b and CD36 and also phagocytic activity.41 Differentiated, plastic-adherent cells were 

washed with RPMI 1640 medium without PMA but containing 2% FBS and 1% P/S. THP-1 

monocytes (undifferentiated cells) and THP-1macrophages (differentiated cells) were treated with 

BK, BK preincubated for 1 hour with copper or zinc (ratio BK:metal=1:2) or with 0.5µg/ml LPS. 

RPMI 1640 medium containing 2% FBS and 1% P/S was used as a control. Both types of cells were 

harvested at two different time points 15 min and 20h to investigate phosphorylation and 

inflammatory pathways. The experiments were performed using 3-4 independent cell culture 

preparations cells. 

 

MTT Assay 

Cell viability of undifferentiated THP-1 (monocytes) was defined as the reduction in MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma-Aldrich). Living, metabolically 

active cells reduce the soluble yellow tetrazolium salt MTT, yielding dark blue water-insoluble 

formazan crystals. MTT was dissolved at a concentration of 5 mg/mL in phosphate-buffered saline 

(PBS) and RPMI 1640 medium with 1% P/S. Cells were seeded in 24-well plates, and cultured for 

24h in 1ml of culture medium containing range of concentrations of tested chemicals. Briefly, 

whole cell suspension was taken from each well and centrifuged 5 min at 600 g. Supernatant was 

eliminated, and the pellet was incubated for 1,5 hr in 300 µL of MTT solution per well. This 
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solution was then replaced with 300 µL of DMSO (Sigma-Aldrich) per well and incubated for 

15min at 37°C to dissolve the crystals. Finally, absorbance at 569 nm was measured by a microplate 

reader spectrophotometer (Multiskan Ascent). 

 

Western blot analysis 

After treatment, cells were harvested with RIPA buffer (50mM TRIS-HCl, pH 8,0, 150mM NaCl, 

0,5mM EDTA, 1% Triton X-100, 0,5mM EGTA, 1% NP40) containing 2mM PMSF 

(phenylmethylsulfonylfluoride), inhibitor of proteases (Sigma). Cell lysates were incubated for 30 

min and centrifuged at 14000 g for 10 min. Protein concentrations were measured by Bradford 

method using BSA as standard curve. Equal amounts of protein were separated by 12 % SDS-

PAGE and transferred to nitrocellulose membrane (Sigma-Aldrich). The transfers were blocked 

with blocking buffer (5% BSA in TBST) at room temperature for 1 h, incubated with primary 

antibodies overnight at 4oC, 1h with horseradish peroxidase-conjugated secondary antibodies. The 

antibody against IL-1beta (code: ab2105, 1:1,000 dilution) and GAPDH (code: ab8245, 1:2,000 

dilution) were purchased from Abcam. The antibody against pErk1/2 (code: 9106, 1:1,000) and β-

Actin (code: 4970, 1:2,000 dilution) were from Cell Signaling Technologies, Inc. Goat anti-mouse 

and anti-rabbit IgG secondary antibody horseradish peroxidase-conjugated (AP181P and AP307P, 

1:3,000 dilution) were purchased from Merck Millipore. Detection was conducted using enhanced 

Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific). Imaging and 

densitometric analyses were performed by ChemiDoc Imaging System (Bio-Rad). 

 

Results 

Mass Spectrometry 

The amino acid sequence of BK is Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg while its empirical 

formula is C50H73N15O11. BK is easily ionized and detected by ESI-MS as multi-charged molecular 
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peaks (see figure 2Sa and Table 1 for the assignment). ESI-MS has been widely applied to monitor 

oligomer formation in solution, as long as experimental parameters are controlled.42 Here, 

increasing BK concentration causes the appearance of some other peaks at higher m/z values that 

have been tentatively assigned to BK dimers and trimers and to other molecular species obtained 

adding Arg or Arg fragments to BK monomers (figure 2Sb, figure 3Sb and Table 1). Unfortunately, 

the assignment reported in Table 1 could not be verified by MS2 experiments due to the intrinsic 

complexity of the molecular species detected. However, it is clear that the formation of more 

complex species is directly proportional to the BK concentration in solution (figure 3S). The 

formation of Arg dimers as well as BK dimers in the gas phase is well known and it has been 

attributed to a salt-bridge ion–zwitterionic structure that stabilizes the dimer, C(NH2)2
+-NHCH2-

CH2-CH2-CH(NH2)-COO−-C(NH2)2
+-NH-CH2-CH2-CH2-CH(NH2)-COOH.43 Here, the oligomeric 

BK species reported in Table 1 are detected only for BK solutions with a concentration > 1µM and 

their detection is directly proportional to the BK concentration used, strongly indicating their 

presence in the solution phase. Interestingly, increasing the concentration of BK also induces a shift 

in the multi-charged envelope detected by ESI-MS, that is shifted towards more charged ions. As 

the pH was kept constant (6.5), this indicates a lowering in the pK of the protonable groups of the 

molecule, due to a concentration dependent change of the electrostatic interactions of BK solutions. 

To investigate if metal ions are able to alter the above suggested concentration dependent 

oligomerization of BK, we have acquired mass spectra in the m/z range of, respectively, 200-1600 

(figure 4S) and 2000-4000 for BK solutions containing ZnSO4 (figure 5S) or CuSO4 (figure 6S) as 

indicated. It is not possible to draw any quantitative conclusions based on the absolute intensity of 

the peaks because different species might ionize differently. However, it is acceptable to assume 

that copper(II) and zinc(II) BK complexes ionize in a similar manner in the gas phase and that their 

relative intensities to apo-BK could give a semi-quantitative estimation of the relative 

concentrations of the species in solution.44 Based on these two assumptions, figure 4S would 

indicate that, at the same experimental conditions, the BK-Cu2+ complex is more abundant than the 
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BK-Zn2+ complex, the peaks at m/z 374.5, 561.2, 1121.4 and 1219.3 (see Table 1 for the 

assignment) having a higher relative intensities in comparison to the Zn analogous ones. This result 

is in line with the complex stabilities dictated by the Irving-Williams series, according to which 

copper(II) complexes are thermodynamically more stable than zinc(II) ones.45 The absence of peaks 

in the m/z 2000-4000 range might induce to think that precipitation of the peptide is occurring upon 

copper addition. However, in figure 7S the mass spectrum detected for BK 30 µM and CuSO4 300 

µM in the m/z 250-1500 range is also reported and while an intense signal is detected for both apo-

BK and BK-copper species, the relative intensities of these species show that the formation of the 

copper complex is copper concentration dependent as expected (for comparison see figure 4Sb) 

Moreover, MS/MS experiments for the peaks at m/z 1121.4 (BK-Cu 1:1 complex) and 1122.4 (BK-

Zn 1:1 complex) show different features (see figure 8S). Particularly, in the case of BK-Cu complex 

a fragment at m/z 1077.2 (loss of 44 uma, a carboxylic group) is very abundant and easily formed 

even at low collision energy, while this is not the case for the BK-Zn complex, hinting different 

coordination features with carboxylic groups for the two complexes. In the case of the BK-Cu, 

MS/MS experiments show also a loss of 143.1 uma (NHCHCOOCH2CH2CH2CH2NH) to produce 

the 978.1 uma fragment, not present in the case of BK-Zn. A detailed MS analysis of possible 

copper(I) and copper(II) coordination features has been already reported in the literature46 and 

repeating such analysis here would be redundant. However, in our knowledge the effect of copper 

and zinc ions on BK oligomerization has never been reported. Surprisingly, figure 5S and figure 6S 

indicate that the effect of the two metal ions on the BK oligomerization might be different. Indeed, 

MS detection of BK2Zn and BK3Zn species (figure 5S and Table 1) points to the presence of 

oligomeric species in the presence of zinc ions, while in the presence of copper ions the detection of 

these species is remarkably hindered in a concentration dependent manner (see figure 6S).  

 

Circular Dichroism 
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To better investigate the oligomerization features of BK solutions at different concentrations 

suggested by the MS results and how these are affected by the presence of copper and zinc ions, we 

have performed CD experiments. Panel A of figure 1 reports the far-UV CD spectra of BK recorded 

in pure water at pH 6.5, room temperature and at a 35 µM of peptide concentration (solid line). CD 

spectra show two weak dichroic signals, a positive one centred at 223 nm, a negative one at 235 nm, 

and an intense negative band at 204 nm. These CD bands are typical of a type II poly-L-proline left-

handed extended helix (PPII).47,48 The intensities and the positions of the CD bands, in the 35-100 

µM range do not depend on peptide concentrations (see solid lines of panels A and B). The CD 

curves recorded at 35 µM of peptide concentration are not affected by a twofold excess of Cu(II) 

(dashed lines) or Zn(II) (dotted lines) ions. The CD spectrum of BK was insensitive to the presence 

of excess Zn(II) also at higher peptide concentrations (100 µM). By contrast, the addition of a 

twofold excess of Cu(II) ions to BK 100 µM induced a fourfold and threefold enhancement of the 

intensities of CD minima observed at 204 and 234 nm respectively, but no significant deviations of 

the positive band at 222 nm (figure 1, panel B, dashed line). Cu(II)-induced changes of CD spectra 

of BK are evidenced only at high copper concentration, and this is accordance with a perturbed 

association/dissociation equilibrium. In a previous report, the negative CD band observed at 234 nm 

for apo-BK was attributed to internally hydrogen-bonded Pro7 residues.49  However, in those early 

experiments CD spectra were recorded at acidic pH, in which dimeric peptide structure are unlikely 

to form. By contrast, our experiments were performed at neutral pH, and in these conditions dimeric 

or trimeric peptide assemblies are always present as evidenced from ESI-MS results experiments. 

Due to the hydrophobic nature of the C-terminal segment of the peptide it is plausible that peptide 

association occur by intermolecular Phe-Phe interactions which, in turn, is expected to disrupt the 

H-bridged structures involving Pro7 residues. This reconciles with CD spectra reported in the 

present work in which a very weak negative CD band at 234 nm is observed. Notably, this band 

increases in the presence of high copper concentrations. This means that copper may promote BK-

dissociation into monomers with a consequent increase of the negative band at 234 nm in 
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accordance with ESI-MS results and molecular simulations. Moreover, copper-dependent peptide 

dissociation is likely to occur with a consequent increase of the structural disorder as evidenced by 

the increase of the negative band centered at 205 nm.  

 

Computational analysis 

The structural motivations behind the two different effects of copper(II) and zinc(II) metal ions on 

BK oligomerization were also investigated by computational analysis as described in the 

experimental section. An accurate sampling of the BK conformations was initially carried out 

through Parallel Tempering simulations.50 We selected the main clusters which are equally 

populated and from those we back calculated the CD spectra. The latter show a nice agreement with 

those experimentally recorded, confirming the presence of type II poly-L-proline left-handed 

extended helix (PPII) (see figure 9S). 

From those conformations, zinc and copper were coordinated to BK in accordance with the ESI/MS 

indications and the coordination polyhedral were predicted in the DFT framework. The 

coordination shell is saturated through two coordination waters. The coordination polyhedron 

moves towards a planar arrangement upon BK binding to copper(II). In these regards, BK 

coordinates with copper(II) via the C-terminal carboxyl oxygen of asparagine, the carbonyl oxygen 

of the N-terminal asparagine and two inner sphere water molecules. The carbonyl oxygen belonging 

to the N-terminal Arg competes with the N-terminal amine group for the fourth coordination 

position (figure 2b, Table 2), indeed one among the preferred ligand for copper(II).51,52 

In line with the results obtained by MS and CD analysis, upon a double excess of BK with respect 

to zinc ion, an elongated peptide conformation is stabilized with a head-to-tail coordination 

polyhedron (Figure 2c). Here, Zn2+ is coordinated to the two carboxylic groups of BK and two 

coordination waters (Table 2). The C-terminal Arg weakly contacts the uncoordinated carboxylic 

oxygen of a different BK unit (Figure 2c). However, upon a double excess of BK with respect to 

copper(II) ion, the monomeric complex of copper(II) is still formed (Figures 2b and 2d) leaving 
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uncomplexed one peptide unit of BK. This indicates an unfavourable geometry experienced by 

copper(II) upon coordinating two BK units, since the requirement of a planar coordination 

polyhedron. A dimeric structure can instead formed through the coordination of zinc ion, since the 

coordination polyhedron is favoured by a tetrahedral spatial arrangement (Figure 2c). 

 

Enzymatic degradation assay 

We have also assessed if the presence of metal ions affects BK proneness to degradation by IDE. 

This enzyme was selected among all the available BK degrading enzymes because of its 

involvement with AD and the deep knowledge of IDE degrading activity towards various substrates 

by our group.53-59 In figure 10S of the Supplementary information the mass spectra recorded after 

BK incubation with IDE in the presence and in the absence of copper and zinc ions are reported. 

According to previously published results,22,60 also in this case, copper(II) strongly inhibits IDE 

activity (by binding directly to the enzyme), while zinc(II), differently from other IDE substrates 

such as amylin,61 does not affect BK fragmentation pattern. This result is in line with our binding 

model, according to which zinc does not affect BK conformation and therefore its proneness to 

degradation.  

 

Biochemical analysis 

The oligopeptide BK, produced after cleavage of kininogens by kallikreins in the plasma or 

interstitial fluid, triggers its effects by the activation of two G protein coupled transmembrane 

receptors, called B1R and B2R.62 B1R is generally absent or under-expressed in physiological 

conditions, has high affinity for kinin metabolites (des-9Arg-BK and 8Leu-des-9Arg-BK), and is 

upregulated to mediate inflammatory conditions following tissue injury or under pathological states. 

Conversely, B2R is a constitutive receptor that displays higher affinity for BK (and Kallidin) 

peptide, is widely distributed and mediates most biological effects of kinins.63  
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The expression of both receptors has shown to increase in the brains of Aβ1-40 treated rats,64 

whereas the blockade of B2R has been reported to be beneficial on cognitive deficit induced by 

Aβ1-40.65,66 Therefore it is clear that any intervention that could affect the binding activity on these 

receptors can produce beneficial effects against inflammatory neurodegenerative diseases. The 

activated signalling pathway goes through Erk phosphorylation and leads to up-regulation of pro-

inflammatory molecules such as IL-1beta. Thus we tested the effects of metal ions (copper and 

zinc) on BK activity by analysing phosphorylation and expression of these two markers 

respectively. For this investigation we used the human monocytic THP-1 cell line as innate 

immunity model system and we examined the BK effects on normal THP-1 with monocytic 

phenotype or on activated THP-1 that shows a stronger pro-inflammatory response as result of B1R 

up-regulation.67 THP-1 is a human leukemic cell line with monocytic nature that can be 

pathogenically challenged to initiate an inflammatory response. LPS stimulated THP-1 cells 

incubated with the bacterial endotoxin, lipopolysaccharide (LPS), can produce an inflammatory 

response with increase of IL-1β secretion through a PKA-dependent mechanism.68 

To ascertain any toxic effect of BK, a dose response experiment was first performed to test the cell 

viability after treatment with BK, BK-Cu(II) and Cu(II) using a range of concentrations known to 

be effective. The cell cultures were fully viable at all concentrations used allowing further tests at 

the higher dosage (figure 3). ERK phosphorylation is considered a good marker of 

neuroinflammatory signalling cascade activation,69 and was thus analyzed in cell cultures treated 

with different preparations of BK. 

Undifferentiated monocyte cell cultures were treated with the higher not toxic dose of BK alone 

(50µM), BK preincubated in combination with copper or zinc (1 hour, ratio 1:2) or with 0.5µg/ml 

LPS as positive control. After 15 min of treatments the Western blot analyses of phosphorylated 

ERK (pERK) showed a weak cell culture response. However it was possible to measure a 70%  

increase of pERK after 15 minutes of BK treatment, that was abolished by BK preincubation with 

two fold copper (100µM, 1 hour) and only partially by BK preincubation with zinc (figure 4A).  
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Moreover, to verify whether the effects on signalling cascade are followed by corresponding effects 

on pro-inflammatory cytokines synthesis, we performed the analyses of IL-1 beta expression after 

20 hours of treatment. As expected, the western blot analyses showed an up-regulation in the 

presence of BK (+100%) and this effect was counteracted by BK preincubation with metals, 

particularly with copper (figure 4B).  

The treatments of pre-activated THP-1 monocytes, that typically show a macrophagic phenotype, 

more clearly reproduced the observed effects. Indeed we measured a more intense BK induction of 

ERK phosphorylation (+100%), and this effect was strongly reduced after treatment with BK 

preincubated with copper. The minor effect of the BK preincubated in the presence of zinc, with 

respect to the presence of copper, was again observed, thus confirmed (figure 5A). Similarly IL-

1beta up-regulation by treatment with BK (+500%) was abolished by preincubation of BK in the 

presence of copper, but only weakly inhibited in the presence of zinc (figure 5B). 

 

Discussion 

We have observed two different effects of copper(II) and zinc(II) metal ions on BK conformation 

and oligomerization. MS and CD experiments indicate that copper(II), differently from zinc(II), is 

able to hinder BK oligomerization and the results are in line with the computational analysis. 

The biochemical data support the hypothesis that conformational changes observed upon 

copper/BK binding are responsible of significant differences of the metal effects on 

proinflammatory activity of BK.  

Several evidences support the notion of Kallikrein-Kinin System (KKS) involvement in AD. The 

contact/kinin system is activated in cerebrospinal fluid (CSF) of patients with AD by the cleavage 

of high molecular mass kininogen, providing the link between the KKS and the pathogenesis of 

AD.70,71 This correlation has been also supported by the observation that Aβ peptides infusion can 

trigger an increase in kinin concentration in the cerebrospinal fluid of animals, proving that an 
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enhanced activation of KKS takes part in the inflammatory driven toxicity in AD.72 In this respect, 

amongst the mechanisms that are altered in AD, activation of KKS has been correlated to up-

regulation of bradykinin receptors,73 secretion of the amyloid precursor protein,74 and activation of 

MAPK, Erk1 and Erk2 phosphorylation, a mechanism found to early distinguish AD from other 

dementias.69 

Here we demonstrated that copper binding can change BK conformation and this in turn can 

challenge a BK signalling fault, measured as reduction in Erk1/2 phosphorylation and IL-1β 

expression, that is likely related to failure or defective BK binding to its receptors. This is indeed 

evidenced by the more intense and significant effects observed on THP-1 differentiated cells which 

present a typical macrophagic phenotype, and higher BK receptors expression hence.75  

AD is the most concerned neurodegenerative disease with respect to copper levels and effects on 

the specific Aβ peptide conformational changes, including in particular the inflammatory status that 

significantly contributes to the progression and effects of this devastating disease. Indeed, new data 

from preclinical and clinical studies have established that immune system-mediated actions in fact 

contribute to and drive AD pathogenesis. These insights have suggested both novel and well-

defined potential therapeutic targets for AD, including microglia and several cytokines.76 

Nonetheless, we didn’t find direct effects of BK on Aβ toxicity (see suppl. 11S), but the significant 

copper effects on BK conformation and activity observed herein provide a new perspective on the 

consequences of copper dishomeostasis in those neurodegenerative diseases, like AD, where the 

effects of protein misfolding are associated to an inflammatory status, now recognized to be not 

simply a collateral condition. 

 

Conclusions  

Page 17 of 37 Metallomics

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

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



18 
 

In this work we have been able to correlate a metal induced effect on BK conformation and 

oligomerization with a change in BK activity measured as reduction in Erk1/2 phosphorylation and 

IL-1β expression, that is likely related to failure or defective BK binding to its receptors. 

BK is known to be involved in many crucial biological processes, but here particular attention has 

been devoted to its role in chronic inflammatory diseases, included neurodegenerative diseases like 

AD. Since copper, and more generally metals, dyshomeostasis has been claimed to be responsible 

of several related complains, the copper effects on BK conformation and activity observed herein 

can open new potentiality in the treatment of neuroinflammatory diseases by management of copper 

level and distribution.  
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Tables 

BK species 
Experimental 

(m/z) 

Calculated 

Isotopic 

(m/z) 

3BK + ArgPhe − C6H6 + H+ 3422.8 3422.9 

3BK + CH2CH2CH2NHCNHNH − H+ + Zn2+ 3340.7 3340.7 

3BK + CH2CH2CH2NHCNHNH − H+ + Cu2+ 3339.7 3339.7 

3BK + CH2CH2CH2NHCNHNH + H+ 3278.6 3278.8 

3BK + H+ 3179.7 3179.7 

2BK + ArgPhe − C6H6 + H+ 2363.0 2363.3 

2BK + 2Zn2+ + CH2CH2CH2NHCNH2NH2 − 3H+ 2345.0 2345.0 
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2BK + Zn2+ + CH2CH2CH2NHCNHNH2 − H+ 2282.1 2282.1 

2BK + Cu2+ + CH2CH2CH2NHCNHNH2 − H+ 2281.1 2281.1 

2BK + CH2CH2CH2NHCNHNH + H+ 2219.0 2219.2 

2BK + Zn2+ − H+ 2182.1 2182.0 

2BK + H+ 2120.3 2120.1 

BK + Zn2+ − H+ + CH2CH2CH2NHCNHN 1220.2 1220.5 

BK + Cu2+ − H+ + CH2CH2CH2NHCNHN 1219.3 1219.5 

BK + Arg − H2O − 4H + H+ 1212.1 1212.7 

BK + Zn2+ − H+ 1122.4 1122.5 

BK + Cu2+ − H+ 1121.4 1121.5 

BK + Na+ 1082.5 1082.5 

BK + H+ 1060.5 1060.6 

ArgProProGlyPheSerProPhe + H+ 904.4 904.4 

BK + Arg − H2O − 4H + 2H+ 606.6 607.3 

BK + Cu2+ 561.2 561.2 

BK + 2H+ 530.9 530.8 

BK + H+ + Na+ 541.8 541.8 

BK + 2H+ + K+ 367.0 366.7 

BK + 3H+ 354.1 354.2 

BK + Zn2+ + H+ 374.8 374.8 

BK + Cu2+ + H+ 374.5 374.5 

 
Table 1 
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Zn2+-BK 
Bond Bond length (Å) Angle type Angle (degree) 

Zn2+-NH2 2.17 OH2-Zn
2+-NH2 117.88 

Zn2+-OCO 1.97 OH2-Zn
2+-NH2 115.19 

Zn2+-OH2 2.09 OH2-Zn
2+- OH2 119.79 

Zn2+-OH2 2.09 OH2-Zn
2+-OCO 97.23 

    
Cu2+-BK 

Bond Bond length (Å) Angle type Angle (degree) 
Cu2+-NH2 2.35 NH2 -Cu-OH2 104.08 
Cu2+-OC 2.02 OH2-Cu

2+-OC 95.92 
Cu2+-OCO 1.95 OH2-Cu

2+-OC 82.10 
Cu2+-OH2 2.02 OH2-Cu

2+- OH2 139.54 
Cu2+-OH2 2.03 OH2-Cu

2+-OCO 91.75 
Zn2+-(BK)2 

Bond Bond length (Å) Angle type Angle (degree) 
Zn2+-OCO 1.94 OH2-Zn

2+-OCO 108.13 
Zn2+-OCO 1.91 OH2-Zn

2+-OCO 104.62 
Zn2+-OH2 2.06 OH2-Zn

2+- OH2 103.22 
Zn2+-OH2 2.07 OCO-Zn2+-OCO 129.43 

 
Table 2 
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Figure and Table Legends 

 
Table 1: Experimental and calculated m/z values for the BK species detected by ESI-MS from BK 

solutions at various concentrations with and without metal ions (Cu2+ and Zn2+). Assignment of the 

peak at m/z 904.4 has been confirmed by MS/MS experiments that allow to exclude the presence of 

the isobar peptide HPro-Pro-Gly-Phe-Ser-Pro-Phe-ArgOH. 

 

Table 2: Coordination parameters for the Zn2+ and Cu2+ optimized complexes with BK. Root mean 

square displacement during geometry optimization is 10-3 Å. 

 

Figure 1: The effect of Cu(II) and Zn(II) ions on the CD signals of BK in water at neutral pH and 

different peptide concentrations. CD spectra of 35 µM (panel A) and 100 µM (panel B) of pure BK 

(solid lines) and in the presence of a twofold excess of Cu(II) (dashed lines) or Zn(II) (dotted lines) 

ions. 

 

Figure 2: a) Coordination structure of Zn2+ complex with BK. b) Coordination structure of Cu2+ 

complex with BK. c) Coordination structure of the dimeric complex of Zn2+ with BK. The weak 

interaction between the C-terminal Arg and the carboxylic oxygen is circled. d) No dimer formation 

occurs with a 1:2 stoichiometric ratio of Cu2+ and BK. 

 

Figure 3: Dose response experiment to test the cell viability after treatment with BK, BK-Cu(II) 

and Cu(II). THP-1 cell cultures (undifferentiated monocytes) were incubated with increasing 

concentrations of BK and BK-Cu(II) for 20h and then cell viability was measured using MTT assay. 

Results are presented as the means ± SEM, the experiments were performed 3 times in triplicate.  
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Figure 4: Expression of A) pErk1/2 and B) IL-1 beta in THP-1 cell cultures (undifferentiated 

monocytes) after 15 min and 20 hrs of treatment, respectively, with BK, copper or zinc alone, or 

BK pre-incubated with metals (1 h, ratio 1:2). Results are presented as mean ±SEM, the 

experiments were performed 3 times in triplicate. Asterisk (*) represents the correlation significant 

at the p ≤ 0.05 level w.r.t. control, One-way Anova. 

 

Figure 5: Expression of A) pErk1/2 and B) IL-1 beta in THP-1 cell cultures (differentiated 

monocytes: macrophages) after 15 min and 20 hrs of treatment, respectively, with BK or BK pre-

incubated with copper or zinc (1 h, ratio 1:2). Results are presented as mean ±SEM, the experiments 

were performed 3 times in triplicate. Asterisk (*) represents the correlation significant at the p ≤ 

0.05 level w.r.t. control, One-way Anova. 
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Figure 1:The effect of Cu(II) and Zn(II) ions on the CD signals of BK in water at neutral pH and different 
peptide concentrations. CD spectra of 35 µM (panel A) and 100 µM (panel B) of pure BK (solid lines) and in 

the presence of a twofold excess of Cu(II) (dashed lines) or Zn(II) (dotted lines) ions.  
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Figure 2: a) Coordination structure of Zn2+ complex with BK. b) Coordination structure of Cu2+ complex 
with BK. c) Coordination structure of the dimeric complex of Zn2+ with BK. The weak interaction between 

the C-terminal Arg and the carboxylic oxygen is circled. d) No dimer formation occurs with a 1:2 

stoichiometric ratio of Cu2+ and BK.  
201x281mm (300 x 300 DPI)  

 

 

Page 33 of 37 Metallomics

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

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

Figure 3: Dose response experiment to test the cell viability after treatment with BK, BK-Cu(II) and Cu(II). 
THP-1 cell cultures (undifferentiated monocytes) were incubated with increasing concentrations of BK and 

BK-Cu(II) for 20h and then cell viability was measured using MTT assay. Results are presented as the means 

± SEM, the experiments were performed 3 times in triplicate.  
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Figure 4:Expression of A) pErk1/2 and B) IL-1 beta in THP-1 cell cultures (undifferentiated monocytes) after 
15 min and 20 hrs of treatment, respectively, with BK, copper or zinc alone, or BK pre-incubated with 

metals (1 h, ratio 1:2). Results are presented as mean ±SEM, the experiments were performed 3 times in 

triplicate. Asterisk (*) represents the correlation significant at the p ≤ 0.05 level w.r.t. control, One-way 
Anova.  
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Figure 5: Expression of A) pErk1/2 and B) IL-1 beta in THP-1 cell cultures (differentiated monocytes: 
macrophages) after 15 min and 20 hrs of treatment, respectively, with BK or BK pre-incubated with copper 
or zinc (1 h, ratio 1:2). Results are presented as mean ±SEM, the experiments were performed 3 times in 

triplicate. Asterisk (*) represents the correlation significant at the p ≤ 0.05 level w.r.t. control, One-way 
Anova.  
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Bradykinin (BK) is recognized to be an inflammatory mediator and recent data also support an anti-

inflammatory role of BK in Alzheimer’s disease (AD). On the other hand, copper and zinc 

dyshomeostasis have been demonstrated to be largely involved with AD. In this scenario, it is 

important to understand how these metal ions interact with BK and if such interaction can affect BK 

activity. We report here that BK conformation and oligomerization status is strongly affected by 

copper but not zinc and this in turn affects BK activity in cells. The results obtained open to further 

role of metal ions, particularly copper, in the development and outcome of neuroinflammatory 

diseases. 
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