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How trimerization of CTR1 N-terminal model peptides tune Cu-binding and redox-chemistry

Employing peptide-based models of Copper Transporter 1 (CTR1), we show that the trimeric arrangement of its N-terminus tunes its reactivity with Cu, promoting Cu(II) reduction and stabilizing Cu(I). Hence, the employed multimeric models of CTR1 provide an important contribution to studies on early steps of Cu uptake by cells.

Copper is an essential microelement for humans. As a cofactor of several intracellular enzymes copper must be effectively transported from extracellular space with a dominant Cu(II) redox state to cytosol with Cu(I) as the major copper form. 1,2 In humans, this copper uptake by cells is mostly provided by Cu-transporter CTR1 (copper-transporter 1), 3 a homo-trimeric protein, 4 consisting of an extracellular, a transmembrane, and a shorter intracellular domains. Recently, the crystal structure of the transmembrane domain was solved from salmon CTR1 and shows three transmembrane helices per monomer. 5 However, the larger part of the extracellular domain, including potential Cu(II)/Cu(I) binding sites, was deleted from the construct to improve the protein stability and the X-ray diffraction. As a consequence, structural insights about the initial steps of Cu uptake by CTR1, including capture of copper by CTR1 and Cu(II) reduction, could not be obtained from this work.

In the past, those initial steps of Cu uptake by CTR1 were mostly investigated using monomeric models of the CTR1 N-terminus. Those studies showed that CTR1 has a strong Cu(II) binding site, spanning the first three N-terminal CTR1 residues Met-Asp-His (MDH), a sequence which belongs to an ATCUN motif (Amino Terminal Cu(II) and Ni(II)) motif) (Xxx-Zzz-His). 6,7 Whereas, adjacent His residues, His5-His6 (bis-His motif), were proposed as the first potential Cu(I) binding site. 8 To note, Cu(II) from the blood must be reduced extracellularly to Cu(I) before transported into the cytosol. The reduction could occur (i) prior to the binding to CTR1, for example by STEAP4, 9 or (ii) while Cu is bound to CTR1. In the latter, Cu(II) is bound first to CTR1 by the ATCUN motif and then reduced to Cu(I). This hypothesis is based on i) high affinity of the ATCUN for Cu(II), ii) susceptibility of Cu(II)-ATCUN to reduction and iii) the affinity of Cu(I) for the adjacent bis-His motif (logK = 10.2 ± 0.2 at pH 7.4). 8 Although the studies on monomeric models of the Nterminal portion of CTR1 gave important insights into the Cu(II)-binding and its chemical reactivity, there is no knowledge of how the trimeric structure could affect the interaction of the CTR1 N-termini and Cu. More generally, very little is known about impact of multimeric peptide models on metal binding. Such information could help understanding why nature evolved CTR1 as a trimer. To address this question, we synthetized for the first-time trimeric models of the Nterminal domain of CTR1 (see Fig 1). By comparing their reactivity with respect to monomeric analogues, we show here that indeed, trimerization significantly impacts Cu(II) reduction and Cu(I) coordination, hence suggesting an important role of this arrangement for copper transport in native CTR1 transporter.

The description and schemes of the trimer synthesis are available in Experimental Section and in Fig. S1 in SI. The monomeric and trimeric models we elaborated are depicted in Fig. 1. The first couple (mono-and tri-MDHS) contains the first four residues of the CTR1 sequence, Met-Asp-His-Ser, which includes the ATCUN motif. In the second ones (mono-and tri-MDHSHH), the CTR1 sequence was elongated with two further His residues, a potential Cu(I) binding site. The C-terminus of monomers was amidated to make them more realistic models of Cu-binding motifs at the CTR1 Nterminus. In trimers, a (Gly)3Cys linker was added to anchor the peptides on the mesitylene platform, to ensure flexibility of the trimeric structure and to avoid interferences from potential interactions between CTR1 sequences and the platform. The purity of obtained peptide fractions was checked by HPLC (see SI, Fig. S2), whereas their identity was confirmed by ESI-MS spectra (see Fig. S3, Fig. S4, Table S1, and Table S2).

At the beginning, the Cu(II) binding to the trimeric models of CTR1 N-terminus was compared to their monomeric analog at pH 7.4 using UV-vis spectroscopy (see Fig. 2). All spectra related to the first Cu(II) equivalent are very similar for both monomeric and trimeric models, with a band at 525 nm, characteristic for 4N coordination of the ATCUN-like Cu(II) complexes, 7,10 and consistent with previously studied Cu(II)-CTR1 monomeric models at pH 7.4. 6,8,11 Further addition of Cu(II) to the monomeric models (above 1 eq.) resulted in an increase of the baseline for mono-MDHS (Fig. 2 left, dashed lines) or an apparent red-shift and the further increase of the baseline for mono-MDHSHH (Fig. 2 right, dashed lines). The observed redshift in the latter one likely corresponds to the binding of the second Cu(II) equivalent to imidazole rings of the bis-His motif leading to the appearance of a band of the second Cu(II) binding site, while the baseline increase resulted from precipitation of unbound Cu(II).

On contrary, the addition of the second and the third equivalent of Cu(II) to the trimers caused a continuous increase of the intensity of the band at 525 nm, in line with the Cu(II) coordination to the two remaining apo-ATCUN sites in the trimer. We have not noticed any indication of trimeric structure affecting Cu(II) coordination to the ATCUN motif under those conditions (λmax and ε not significantly different). Plus, addition of Cu(II) above 3 eq. of the tri-MDHSHH led to the precipitation of unbound copper after the ATCUN saturation by Cu(II) (see Fig. S5). Unlike what we described for mono-MDHSHH, here no signals indicating the Cu(II) binding to the further bis-His motif has been noticed. As such, the Cu(II)-ATCUN complexes could act as a steric hindrance for the excess of Cu(II), potentially limiting the amount of Cu(II) bond to the CTR1 N-terminus. In summary, all the data indicate that properties of the strongest Cu(II)-site (ATCUN) are very similar in monomers and trimers and suggest hence that there is no mutual influence of these three sites in the trimers.

Figure 3. Top: kinetics of reduction of Cu(II) bound to monomeric (full symbols) and trimeric (open symbols) models of the CTR1 N-terminus containing the shorter MDHS (black and grey) or the longer MDHSHH (green) CTR1 sequences in the presence of 0.2 mM (A.) or 5 mM Asc (B.) based of the decrease in A525. Bottom: comparison of kinetics for reduction of Cu(II) complexes of the peptides in the presence of 0.2 mM Asc (C.) or for Cu(II) complexes of MDHS models in the presence of 0.2 mM Asc and 5 mM Asc (D.) calculated over first 1 h (MDHS) or 10 min (MDHSHH). Experiments performed at least

In the next step we investigated the susceptibility of Cu(II) bound to the CTR1 models (trimers and monomers) to reduction in the presence of a physiologically relevant reducing agent, ascorbate. Ascorbate (Asc) is a major low-molecular reductant in the extracellular environment of 10-100 μM concentration in plasma. 12 In the presence of 0.2 mM Asc, the reduction of Cu(II) bound to our CTR1 Nterminus models was monitored following the characteristic d-d band at 525 nm (Fig. 3A). The whole UV-vis spectra of Cu(II) reduction are shown in SI, Fig. S6. In accordance with the previous studies on other monomeric CTR1 models, 8 the presence of the bis-His motif significantly accelerates the Cu(II) reduction as shown in Fig. 3A (green vs black). Interestingly, this process was significantly faster for tri-MDHSHH than for mono-MDHSHH, with about 50% conversion after 60 min versus 25%. This trend was confirmed by the initial velocities calculated from the slope of the linear decrease in A525: Cu(II) reduction is three times faster when bound to tri-MDHSHH than bound to mono-MDHSHH (see Fig. 3C). To note, those incubations were performed with the same Cu-load per CTR1 sequence, one Cu(II) per one trimer (Cu(II)1-tri-MDHSHH) and one Cu(II) per three monomers Cu(II)1-(mono-MDHSHH)3. On the other hand, Cu(II) bound to the MDHS models was much more resistant to reduction by Asc. In the presence of 0.2 mM Asc only about 2% and 6% of Cu(II) was reduced after 1 h for mono-MDHS and tri-MDHS, respectively. The difference between their velocities (calculated for the whole one-hour linear kinetic) was not significantly different at a significance level α=0.05 (p=0.17). Therefore, we decided to increase Asc concentration to 5 mM. As shown in Fig. 3B, it accelerated the reaction, leading to the conversion degree of 7% and 28% for mono-MDHS and tri-MDHS, respectively. Moreover, the difference between the reduction velocities for those models became more evident and significantly relevant (p<0.001) (see Fig. 3D). Overall, these results clearly show that the trimeric arrangement facilitates the reduction to Cu(I).

In order to assess the ability of the different models to bind Cu(I), we performed a ligand competition with bicinchoninic acid (BCA) that forms a stable Cu(I)-(BCA)2 complex. 13 The latter was preformed, and we monitored its disappearance after addition of monomeric or trimeric CTR1 monomers to final concentrations of 25 μM and 8.3 μM, respectively, per 1.8 μM Cu(I) (see Fig. 4A). The addition of each model peptide caused a decrease in the intensity of the band at 360 nm, characteristic for Cu(I)-(BCA)2 (see Fig. S7), suggesting that the peptides successfully compete for Cu(I) with BCA, where the Cu(I)-(BCA)2 binding constant is within nanomolar range under studied conditions. 13 The amount of Cu(I) removed from Cu(I)-(BCA)2 after addition of each CTR1 model was calculated from the initial absorbance change at 360 nm and shown in Fig. 4B. These values suggest that the trimers withdrawn significantly more Cu(I) ions from Cu(I)-(BCA)2 than monomers (p<0.001) and the trimeric organization could stabilize Cu(I) binding. Under applied conditions, this effect is more pronounced for the MDHS sequence with almost a 300% increase of removed Cu(I) between mono-and tri-MDHS compared to 33% for mono-and tri-MDHSHH. The platform combined with the linker without CTR1 sequences (tri-GGGC) withdraw only very little Cu(I), suggesting that thioethers of the platform are not primary Cu(I) binding sites of tri-MDHS and tri-MDHSHH. Moreover, the longer peptides with the additional bis-His were much better competitors against Cu(I)-(BCA)2 than the shorter models, suggesting that the two adjacent His are the predominant Cu(I)-binding site.

Figure 4. Competition experiment between Cu(I)-(BCA)2 and mono-MDHS, tri-MDHS, mono-MDHSH, tri-MDHSHH, and the platform of trimers alone (tri-GGGC). (A) The representative spectra of Cu(I)-(BCA)2 before (grey solid line) and after addition of of mono-MDHS and mono-MDHSHH (black and green solid lines) or of tri-MDHS, tri-MDHSHH, and the platform (tri-GGGC) (black, green, grey dotted lines, respectively). Conditions

The Cu(I) binding to the CTR1 models was further investigated by NMR. Fig. 5 shows the aromatic region, where the CH of the imidazole as well as benzylic protons from the platform were observed. Mono-MDHS, exhibits two resonances from CH(δ) and CH(ε) of the sole His. Upon Cu(I) addition, the resonance of from CH(δ) shifts, suggesting the coordination to His3. In addition, the CH3 resonance of Met1 also significantly shifted (see Fig. S8), in line with the coordination of the thioether as well. In the case of the tri-MDHS, both His peaks shift (CH(δ) and CH(ε)) and are broadened while CH3 of the Met1 shifted much less compared to mono-MDHS. This indicates that with 1 eq. Cu(I) per trimer, His (not Met) residues are the main ligands.

For mono-MDHSHH, the resonances of CH(δ) and (ε) from the three His can be distinguished. Upon addition of 1 eq. of Cu(I), all three CH(ε) resonances shift, but two more than the last. We assigned them, based on the competition with Cu(I)-(BCA)2 and similar case in Aβ peptides and CTR11-14 peptides 13,14 with reported preferential Cu(I) binding to the bis-His motif. For the tri-MDHSHH, CH(ε) signals of the two His residues from the bis-His motif overlapped, whereas CH(δ) from all His residues are distinctly resolved. Upon addition of 1 eq. of Cu(I) per trimer, the shift of all His resonances for tri-MDHSHH was not so pronounced as for the monomeric analogue. However, the further addition of Cu(I), up to 3 eq., resulted in better resolution of the initially overlapped two CH(ε) resonances for tri-MDHSHH. Again, this can be assigned to the preferential binding of Cu(I) to the bis-His and, like above, the spectra are in line with a fast Cu(I) exchange between the sites. On the other hand, no significant changes upon Cu(I) binding were noticed for the CH3 Met1 of mono-MDHSH and tri-MDHSHH (see Fig. S8). In contrary, the signals assigned to benzylic protons from the platform drifted significantly upon Cu(I) addition (see Fig. 5) to the trimers that could result from the changes in the entire trimeric structure upon Cu(I) binding and from supramolecular interactions between the trimer units.

Overall, our study shows that trimeric models of CTR1 possess additional features compared to monomeric ones, which are of potential relevance to mimic Cu interaction with natural CTR1. While trimeric models mostly parallel the monomeric one by the main Cu(II)and Cu(I)-coordination sites, they change the behavior on the transition between them, i.e. the redox reaction. Indeed, in both models, Cu(II) is preferentially bound in the ATCUN motif, and Cu(I) is preferentially bound in the bis-His motif. Transition from Cu(II) to Cu(I) involves an important rearrangement of the Cupeptide including at least one transition state influenced by different factors. First, as shown in the past for the monomeric models, the presence of a Cu(I)-binding site (e.g. the bis-His motif) promotes the reduction of Cu(II) by Cu(I) stabilization, a trend that is also visible with trimeric models. Second, crowding arising from trimerization may explain the remarkably faster reduction of Cu(II) to Cu(I) with trimeric models than with monomeric ones. Indeed, trimeric organization may maintain in close vicinity (crowding) several Cu(II) and Cu(I) sites in trimers, and/or promote weak interactions between residues, resulting in a change of the second coordination sphere and facilitating the transition.

Two recent publications studied reduction reactions of Cu(II)-ATCUN motifs, 15,16 and they suggested that Cu(II) bound to the 4N in ATCUN is not reduced, but a low populated state in equilibrium, where Cu(II) is bound to only two nitrogen donors (terminal NH2, Im). 16 This state with non-saturated equatorial coordination by the peptide could bind external ligands (such Glu) 15 or a reducing agent. We think such type of low populated states (susceptible for reduction) could be stabilized by trimerization.

Finally, Cu(I) was generally bound tighter to the trimer than to the monomer. Competition with Cu(I)-(BCA)2 indicates that the main Cu(I)-binding site is the bis-His motif, a well-known digonal site in which Cu(I) is bound to two imidazole nitrogens, as observed also for βamyloids. [17][18][19][20] However, the His3 is likely to be involved as well, as Cu(I)-binding impacts its NMR resonances. Ligand exchange reactions occur faster than the NMR time-sale, i.e. less than seconds. Thus, the stronger Cu(I) affinity of the trimers could be due to the ligand crowding and or changes in the second coordination sphere .

Cu(I)-transport by CTR1 is not coupled to energy conversion like hydrolysis of ATP. The driving force is likely the high Cu(I) affinity of the thiol-proteins in the cytosol, which are not or little present extracellularly. Hence, Cu can only be taken up in Cu(I) oxidation state. But, Cu(I) can be oxidized by O2, and hence a scaffold that allows fast reduction and transfer to the Cu(I)binding sites might be important to ensure fast transport and to avoid re-oxidation, which can lead to ROS production.

Overall, our data indicate that the trimeric form of CTR1 is not only important to build the Cu(I)-selective channel in the membrane-embedded portion of CTR1, but could also be of importance for extracellular Cu(I)binding and in the reduction process from Cu(II)-bound to the CTR1 N-terminal sequence MDH to the first Cu(I) sites. Considering the variety of proteins that bind metals and adopt trimeric or other multimeric structures including metal-transporters (e.g. dimeric Yip (for Zn), trimeric CusA and CusC (for Cu) and dimeric ferroportin (for Fe) and enzymes (e.g. nitrate reductases, 21 carbonic anhydrases, 22 or P2X receptors, 23 ) the use of multimeric models could provide information about the impact of multimerisation in other metal-transporters or metalloenzymes.
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 1 Figure 1. Schemes of synthetized monomers and trimers of the CTR1 N-terminus. The ATCUN motif is highlighted in red and the bis-His motif is highlighted in blue. The platform and the linker are grey.
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 2 Figure 2. Selected UV-vis spectra from titrations of monomeric (dashed lines) and trimeric (solid lines) models of the CTR1 N-terminus with 1 (blue), 2 (green) or 3 (red) eq. of Cu(II). Left, MDSH-models, right, MDHSHH models. Experiments performed for 0.5 mM monomer or trimer in 50 mM HEPES at pH 7.4.

  Figure 3. Top: kinetics of reduction of Cu(II) bound to monomeric (full symbols) and trimeric (open symbols) models of the CTR1 N-terminus containing the shorter MDHS (black and grey) or the longer MDHSHH (green) CTR1 sequences in the presence of 0.2 mM (A.) or 5 mM Asc (B.) based of the decrease in A525. Bottom: comparison of kinetics for reduction of Cu(II) complexes of the peptides in the presence of 0.2 mM Asc (C.) or for Cu(II) complexes of MDHS models in the presence of 0.2 mM Asc and 5 mM Asc (D.) calculated over first 1 h (MDHS) or 10 min (MDHSHH).Experiments performed at least three times for 0.09 mM Cu, 0.1 mM trimer or 0.3 mM monomer in 50 mM HEPES pH 7.4 under argon. * indicates p <0.001.

  Figure 4. Competition experiment between Cu(I)-(BCA)2 and mono-MDHS, tri-MDHS, mono-MDHSH, tri-MDHSHH, and the platform of trimers alone (tri-GGGC). (A) The representative spectra of Cu(I)-(BCA)2 before (grey solid line) and after addition of of mono-MDHS and mono-MDHSHH (black and green solid lines) or of tri-MDHS, tri-MDHSHH, and the platform (tri-GGGC) (black, green, grey dotted lines, respectively). Conditions: 5 μM of BCA, 1.8 μM of Cu(I), 1.5mM of dithionite, 25 μM monomer or 8.3 μM trimer in 50 mM HEPES pH 7.4. The experiments were repeated at least three times. (B) Comparison of the amount of Cu(I) removed from Cu(I)-(BCA)2 complex calculated based on the changes in A360 from spectra in Fig. 3A. * indicates p <0.001.
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 5 Figure 5. Aromatic region of 1H-NMR of the peptides mono-MDHS, tri-MDHS, mono-MDHSHH, and tri-MDHSHH with and without Cu(I). # indicates CH(δ) form His, * indicates CH(ε) form His, and + indicates benzylic protons from the platform of trimers. Conditions: 1 mM peptide (monomer or trimer), 1 mM or 3 mM Cu, in 0.2M phosphate buffer (pH 7.4) in D2O saturated by argon and in the presence of 1.5 mM dithionite.