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Protonation constants of Acc:ADGKAHFPRE-NH, (S4) and Ac-HDGKAAFPRE-NH,
(S5) ligands

Both studied ligands behave as tetraprotic acids (H4L) in aqueous solution. This means that they
have four protonation sites that can be assigned to: two carboxyl groups (one from the side
chain of the aspartic acid residue and one from the side chain of the glutamic acid residue), one
imidazole moiety from the side chain of the histidyl residue, and one amino group from the
lysyl residue. The formation constants (logf) and protonation constants (logK) calculated from
the potentiometric titration data are summarized in Table S3. The lowest protonation constant
(logK'=3.15 and 3.37 for S4 and S5 ligands, respectively) can be assigned to the carboxyl group
from the side chain of the aspartyl acid residue.! The next protonation constant (logK = 4.22
and 4.40 for S4 and S5, respectively) corresponds to the carboxyl group from the side chain of
the glutamic acid residue and is consistent with other logK values for this group reported in the
literature.? In turn, logK = 6.48 for S4 and 6.51 for S5 refer to the addition of a proton to the
pyridine nitrogen of the imidazole ring.? The most basic logK values (10.28 and 10.42 for S4
and S5, respectively) come from the protonation of the -NH, group from the side chain of the

lysyl residue of the peptides.* >

Mononuclear Cu(II) complexes with S4 and S5 ligands

The presence of one histidyl residue in both sequences of the studied peptides suggests
binding of one Cu(Il) ion and formation of mononuclear complexes in solution. The formation
and deprotonation constants calculated from potentiometric data for both Cu(Il) complexes with
S4 and S5 ligands are summarized in Table S4. The calculated logK™ values, which allow us to
assess the affinity of the ligand for the Cu(Il) ion, are collected in Table 1. Furthermore,
parameters obtained using various spectroscopic methods (UV-Vis, CD, and EPR) allowed us
to determine the structure of the complexes and confirm the computational models from the
potentiometric experiments (Table S5). The stoichiometry of the formed complexes was further
supported by ESI-MS, but in the gas phase.

The binding of the Cu(II) ion to S4 and S5 peptides (1:1 metal to ligand molar ratio) was
studied over a wide pH range (from 2.5 to 10.5), with particular emphasis on lung pH (pH 6.7).°
Because the lung environment is so important in our studies, the results concerning the structure
of the complexes at this pH are described in the main manuscript. Here, we characterize the

species formed in solution besides this pH.



Analysis of the potentiometric data revealed the formation of four (for S4) and five (for
S5) mononuclear Cu(Il) complexes with the general formula CuH,L, where n varies from +1
to -3 (excluding 0 for CuS4).

The first Cu(Il) complex formed in solution for S4 peptide is CuHL, which dominates
at pH 5.7 and constitutes 60% of the solution (Fig.2A). The stoichiometry of this compound
and the obtained logK™ value (-2.07) suggests that one nitrogen atom from the His residue
participates in the coordination of the Cu(II) ion (Table 1).” Spectroscopic parameters such as
the d-d transition at 696 nm in UV-Vis spectrum (A, calculated by Prenesti for the IN {Nj,}
coordination mode is 760 nm),® ° the CT transition in the CD spectrum (Nim(z2) — Cu(II) at 259
nm) and EPR parameters (A= 14.2 mT and g = 2.332) also confirm the 1N coordination mode
(Table S5, Figs. S1, S2, S13A).10 1 Similarly to the first complex formed with S5 peptide, the
significantly lower wavelength observed for the d-d band compared to the value predicted by
Prenesti may indicate the involvement of two oxygen atoms from the carboxylate groups of the
Asp and Glu residues in the metal coordination sphere.® Above pH 5.0, another species (CuH.
1L) is formed in solution, which due to its dominance in the lung pH, has been described in
detail in the main manuscript.

Further increase in pH causes deprotonation of the third amide nitrogen atom (pKj(.1/2
= 8.34) and formation of the CuH_,L species (Table S4).# This complex constitutes ~80% of
the solution at pH 9.3 (Fig.2A). The calculated logK™ value (-23.07) confirms the 4N {N;,,3N"}
coordination mode for the CuH_,L species and suggests that this complex is significantly more
stable (about four log units) than CuS5 with the same binding sites (Table 1).!> The CuH_,L
species also has comparable stability to CuS2 complex (Cu(Il)-Ac-WSHPQFEK-NH,, which
we studied previously) and is about one log unit less stable than CuS1 (Cu(Il)-Ac-
ELDKYFKNH-NH,) (Table 1)."3 The d-d band in the UV-Vis spectrum at 521 nm and shoulder
at 581 nm (Apax = 523 for 4N {N;,, 3N} donor atoms predicted from the Prenesti equation)?,
CT transitions in the CD spectrum (Njm2) — Cu(Il) at 257 nm, Nymig — Cu(Il) at 294 nm and
Nim@i) — Cu(Il) at 319 nm), as well as the EPR parameters (A; = 17.0 mT and g = 2.228)
confirm the binding of the Cu(Il) ion by four nitrogen donor atoms (Table S5, Figs. S1, S2,
S13B).% 4 In addition, two d-d bands at 484 and 643 nm are observed in the Vis region of the
CD spectrum (Fig.S14).

The last species (CuH.;L) with pKjy.2.3= 10.17 calculated for the reaction CuH,L &
CuH_;L + H' corresponds to the dissociation of the e-amino group from the side chain of the

Lys residue, which does not participate in the metal ion binding process (Table S4).> The



spectroscopic parameters for CuH_;L, which do not change in comparison to those determined
for the previous species, confirm the existence of the 4N complex (Table S5).

The first two species formed for the S5 ligand were characterized in the main manuscript
because both predominate in the lung environment. The next species formed in aqueous solution
above pH 6.0 is CuH_;L, which dominates by more than 80% at pH 8.5 (Fig.2B). Since the
sample precipitated at this pH but not at pH 9, we decided to determine all parameters for this
species at pH 9.0 because at this pH the CuH_L constitutes approximately 75% (Fig.2B). The
stoichiometry of the complex and the pK,.1) value of 7.49 suggest that the second amide
nitrogen atom participates in the coordination of the metal ion (Table S4).!5 The logK™ value
obtained for 3N complex with the Cu(Il) ion equals -17.13 (Table 1). This complex is about
two and a half log units less stable than the CuS4 compound and three and two log units less
stable than the CuS1 and CuS2 complexes (with different spike protein fragments),
respectively (Table 1).!3 The d-d band in the UV-Vis spectrum at 601 nm (according to the
Prenesti method, Ay = 584 nm for the 3N {Nj,, 2N} coordination mode)’ and the CT
transitions in the CD spectrum (Nipm2) — Cu(Il) at 256 nm and Nypig — Cu(Il) at 314 nm)!®
prove that the Cu(II) ion is bound by one imidazole nitrogen atom and two amide donors in the
CuH_,L species (Table S5, Figs. 3C, S3). Moreover, the ESI-MS spectrum of the CuS5
complex recorded in the positive ion mode at a 1:1 metal to ligand molar ratio confirms the
formation of the molecular ion CuH_;L* (m/z 1229.6 Da) in the gas phase (Fig. S15).

Further deprotonation of the CuH_,L species with pK;(.1/.0= 9.47 calculated for the CuH.
L 2 CuH,,L + H* reaction can be attributed to the dissociation of the third amide nitrogen
atom from the S5 ligand and coordination of the metal ion (Table S4).!7 This species dominates
at pH 10.3, where it constitutes ~80% of the solution. The spectroscopic parameters (d-d band
in the UV-Vis spectrum at 565 nm (Ay.x = 523 for the 4N{Nj,, 3N} coordination mode
suggested by Prenesti)® and CT transitions in the CD spectrum (Nim2) — Cu(Il) at 254 nm,
Namig— Cu(I) at 291 nm and Njny — Cu(Il) at 334 nm) confirm the 4N{Ni,, 3N}
coordination mode (Tables 1, S5, Figs.3C, S3).!8 The calculated logK™ value (-26.60) for CuH.
»L species appears to be about three and a half, four and a half and four units lower than these
obtained for CuS4, CuS1 and CuS2 complexes with the same binding sites, respectively (Table
1).13 It may suggest that 4N complex of CuS5 is less stable than mentioned above complexes
with spike protein fragments (with the same coordination modes).

The last species, CuH.;L, is formed above pH 9.0 with a pKj(.»/.3) value of 11.13 (Table
S4, Fig.2B).!° Although this value is unusually high for lysyl residue deprotonation, it may be
influenced by the highly negatively charged environment of the peptide and the low



concentration. Therefore, a definitive assignment to lysyl residue deprotonation cannot be
made. Spectroscopic characterization of this complex is not possible due to the overlapping of

CuH_;L with the previous species (CuH,L) (Fig.2B).
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Table S1 The formation (logf) and protonation constants (logK) for S4 and S5 peptides (used
in experiments performed with transition metal ions besides Cu(Il) ions; / = 0.2 M KCl, T =
298 K).

Species S4 S5
logf"
HL 10.12(3) 10.04(5)
H,L 16.68(1) 16.46(7)
H;L 20.99(1) 20.71(9)
H,4L 24.25(1) 23.95(12)
logk

NH,; (Lys) 10.12 10.04
His 6.56 6.42
COO (Glu) 4.31 4.25
COO (Asp) 3.26 3.24

*Formation constants (logf) and protonation constants (logK) for ligand are expressed by the
equations: S(H,L)=[H,L]/[L][H']" and logK=logf(H,L)-logh(H, L), respectively. Standard
deviations (36 values) on the last digit of formation and protonation constants are given in
parentheses. Charges are omitted for clarity.



Table S2 The formation (logf) and deprotonation constants (pK,) for S4 and S5 peptides with appropriate transition metal ions (/ =0.2 M KCI, T

=298 K).
Species S4 S5
Zn(IT) Mn(Il) | Fe(l Fe(I) Ni(II) Co(IT) Zn(Il) | Mn(ID) Fe(I1I) Fe(I) Ni(II) Co(II)

1)) oaF

MH,L - - - 19.75(11) - - - - - 19.22(10 - -
)

MHL - - 15. | 15.14(7) | 13.71(6) | 13.95(9) - - 15.59(12 | 14.36(6) - 13.23(11)

85( )

13)
ML - - - 8.56(8) 5.47(6) 5.36(8) - - - 7.24(10) - 4.37(14)
MH_ L -3.46(7) - - - - - - - - - - -4.48(5)

5.73(2 3.55 | 5.76(11
8) (8) )
MH,,L -14.27(11) - - - -11.58(4) - - - - - - -
14.5 13.93(10
7(12 )
)
MH_;L - - - - -21.57(6) - - - - - - -
pK.’

pKon - - - 4.61 - - - - - 4.86 - -
PKan) - - - 6.58 8.24 8.59 - - - 7.12 - 8.86




PKq) - - - - - - - - - - - 8.85

PK(1/2) 10.81 - - - - - 11.0 - - - - -
2

PK( 2.3 - - - - 9.99 - - - - - - i

*Formation constants (logB) and deprotonation constants (pK,) for the ML complex are expressed by the following equations:

S(MH,L)=[MH,L])/[M][L][H"]" and pK.,=logB(MH,L)-log(MH,_,L), respectively. Standard deviations (3¢ values) on the last digit of formation

and

protonation

constants

are

given

in

parentheses.

Charges

are

omitted

for

clarity.



Table S3 The formation (logf) and protonation constants (logK) for S4 and S5 peptides (used for
experiment with Cu(Il) ions; /= 0.1 M KNO;, T'=298 K).

Species S4 S5
logf"
HL 10.28(1) 10.42(1)
H,L 16.76(1) 16.94(1)
H;L 20.98(1) 21.33(1)
H,4L 24.12(1) 24.71(1)
logk

NH, (Lys) 10.28 10.42
His 6.48 6.51
COO (Glu) 4.22 4.40
COO- (Asp) 3.15 3.37

*Formation constants (logf) and protonation constants (logK) for ligand are expressed by the
equations: S(H,L)=[H,L]/[L][H]"* and logK=logf(H,L)-logf(H,.1L), respectively. Standard
deviations (36 values) on the last digit of formation and protonation constants are given in
parentheses. Charges are omitted for clarity.



Table S4 Formation constants (logf) and calculated deprotonation constants (pK,) for
mononuclear Cu(Il) complexes of CuS4 and CuS5 (/=0.1 M KNO;, 7= 298 K).

Species CuS4 CuS5
logp*
CuHL 14.69(1) 14.43(1)
CuL i 7.30(1)
CuH_,L 2.03(1) 20.19(1)
CuH,,L -6.31(1) -9.66(1)
CuH.L -16.48(1) 220.79(2)
Pk,
PKaw) - 7.14
PKor-1) - 7.49
pK 12 8.34 9.47
PK(23) 10.17 11.13

*Formation constants (logf) and deprotonation constants (pK,) for the CuL complex are
expressed by the following equations: f(CuH,L)=[CuH,L]/[Cu][L][H']* and
pK,=logf(CuH,L)-logh(CuH,.,L), respectively. Standard deviations (3o values) on the last
digit of formation and protonation constants are given in parentheses. Charges are omitted for

clarity.



Table S5 Spectroscopic parameters for the mononuclear complexes of CuS4 and CuSS5.

UV-Vis CD EPR
A[nm] | e [M'em!] | A[nm] | de [Mem!] g g g | 4 Cug , [mT] NA, [mT]
Species pH (&) | (&) | (g [n]lT
CuS4 1:1

CuHL 5.9 6962 26 2590 0.31 2.332 | 2.065 | 2.069 | 14.2 unresolved unresolved
IN {Nim}
CuH_|L 7.2 5972 48 253b 4.78 2224 | 2.049 | 2.058 | 17.3 unresolved unresolved
3N {Nim, 2N} 336¢4 -0.77

5362 0.35

6912 0.10
CuH,,L 9.3 5212 71 257 422 2.228 | 2.049 | 2.051 | 17.0 unresolved unresolved
4N {Nim, 3N} 58]ash 65 294¢ -0.14

3194 0.42

4842 -0.61

6432 0.42
CuH_ ;L 10.5 5162 79 2590 4.03 2.228 | 2.049 | 2.051 | 17.0 unresolved unresolved
4 N {Nim, 3N} 58]ash 68 293¢ -0.22

3204 0.67

4852 -0.78

6432 0.52

CuS51:1

CuHL 6.4 6932 33 - - - - - -
IN {Nin}
CuH_,L 9.0 6012 70 256 1.22 - - - -
3N {Nim, 2N} 314¢ -0.28

5902 -0.17

530sh -0.15
CuH_,,L 10.3 5652 87 2540 1.77 - - - -
4N {Nim, 3N} 291¢ -0.32




3344 -0.18
5112 -0.42

3d-d transition; sh-shoulder; °Nj,(m,)—Cu(Il) charge transfer transition; °N~(,miqy—Cu(Il) charge transfer transition; Ny, (mr;)—Cu(II) charge

transfer transition.



Table S6 Summary of pseudo-first order rate constants £ [min'!] of R6G degradation for the
studied compounds in the presence of Asc (k was calculated for the first five minutes of

reaction).

Studied system + Asc

Rate constant (k) [min']

R6G+Cu(ID)

2.10(2)x102£1.04x 104

R6G+S4

4.88(9)x103+3.57x107°

R6G+S5

5.60(9)x103+£5.31x107°

R6G+CuS4

1.40(2)x102+2.33x10*

R6G+CuS5

1.60(3)x102+1.14x10

100 -

400 500 600

700

—pH 3.0
——pH 3.5
——pH 4.0
——pH 45

pH 5.0
——pH 5.5

pH 6.0
——pH 6.5
——pH 7.0
——pH 7.5
——pH 8.0
——pH 8.5
——pH 9.0
—pH 9.5
———pH 10.0
——pH 10.5

900 —— PH 11.0

A [nm]

Fig.S1 Electronic absorption spectra of the CuS4 complex as a function of pH (Cu:L = 1:1,
[Cu(I)] =0.001 M).
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Fig.S2 CD spectra of the CuS4 complex in the UV region as a function of pH (Cu:L = 1:1,
[Cu(I)] = 0.001 M).
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Fig.S3 CD spectra of the CuSS complex in the UV region as a function of pH (Cu:L = 1:1,
[Cu(I)] = 0.001 M).
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Fig.S4 Cyclic voltammetric profiles of 6 mM K;[Fe(CN)g] with KNOj; (0.2 M) as a supporting
electrolyte in aqueous solution in different scan rates.
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Fig.S5 Cyclic voltammetric profiles of (A1) 1 mM S4; (A2) | mM CuS4; (B1) 1 mM S5; and
(B2) 1 mM CuS5. CV of the compounds was performed with KNOj3 (0.2 M) as a supporting
electrolyte in aqueous solution at pH 6.7 and 7= 298 K.
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Fig.S6 The experimental kinetic curves of R6G with different compounds without H,O,.
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Fig.S7 The experimental kinetic curves of R6G with different compounds without Asc.
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Fig.S8 Absorption spectra of R6G solutions with addition of DMSO, recorded for: A) CuS4
and B) CuS5 complex in the presence of H,O,.
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Fig.S9 Absorption spectra of R6G solutions with addition of DMSO, recorded for: A) CuS4
and B) CuS5 complex in the presence of Asc.
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Fig.S10 Effect of S4 and S5 ligands (C=50 uM) with H,O, (C=50 uM) at pH 6.7 on plasmid
DNA (pBR322). Lanes: 1: plasmid; 2: plasmid+S4; 3: plasmid+S4+H,0,; 4: plasmid+S4+
H,0,+DMSO; 5: plasmid+S4+H,0,+NaN;; 6: plasmid+S4+H,0,+KI; 7: plasmid+S5; 8:
plasmid+S5+H,0,; 9: plasmid+S5+H,0,+DMSO; 10: plasmid+S5+H,0,+NaN;; 11:
plasmid+ S5+ H,O,+KI; 12: plasmid+H,0,; 13: plasmid+H,0,+DMSO; 14:

plasmid+H,0,+NaNj3; 15: plasmid+H,0,+KI.
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Fig.S11 Effect of S4 and S5 ligands (C=50 uM) with Asc (C=50 uM) at pH 6.7 on plasmid
DNA (pBR322). Lanes: 1: plasmid; 2: plasmid+S4; 3: plasmid+S4+Asc; 4: plasmid+S4+Asc
+DMSO; 5: plasmid+S4+Asc+NaNs3; 6: plasmid+S4+Asc+KI; 7: plasmid+S5; 8:
plasmid+S5+Asc; 9: plasmid+S5+Asc+DMSO; 10: plasmid+S5+Asc+NaNj; 11: plasmid+
S5+Asc+KI; 12: plasmid+Asc; 13: plasmid+Asc+DMSO; 14: plasmid+Asc+NaNj; 15:

plasmid+Asc+KI.
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Fig.S12 Effect of uncomplexed Cu(Il) ions and CuS4 and CuS5 complexes (C=50 uM) at pH
6.7 on plasmid DNA (pBR322). Lanes: 1: plasmid; 2: plasmid+Cu(Il); 3:
plasmid+Cu(I)+DMSO; 4: plasmid+Cu(Il)+NaNj3; S: plasmid+Cu(II)+KI; 6: plasmid+CuS4;
7:  plasmid+CuS4+DMSO; 8: plasmid+CuS4+NaNs; 9: plasmid+CuS4+KI; 10:
plasmid+CuS5; 11:  plasmid+CuS5+DMSO;  12:  plasmid+CuS5+NaN;;  13:
plasmid+CuS5+KI; 14: plasmid+DMSO; 15: plasmid+NaNs3; 16: plasmid+KI.
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Fig.S13 EPR spectra recorded for frozen (77 K) solutions of CuS4 complex at various pH (Cu:L
=1:1, [Cu(Il)] = 0.001 M).
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Fig.S14 CD spectra of the CuS4 complex in the Vis region as a function of pH (Cu:L = 1:1,

[Cu(I)] = 0.001 M).
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Fig.S15 ESI mass spectrum of the CuS5 (Cu:L = 1:1 molar ratio) in aqueous solution (pH ~ 7)
along with experimental and simulated spectra of [CuH_;L]" molecular ion (m/z = 1229.6 Da).
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Fig. S16 LC-ESI-MS spectra of the Cu(Il):S5:H,0;:Asc = 1:1:4:20 system at 11.3-12.1 min.
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Fig. S17 Extracted ion chromatograms of the (A) Cu(Il):S5:Asc = 1:1:20 and (B)
Cu(I1):S5:H,0;:Asc = 1:1:4:20 systems (blue: 584.8 £ 0.1 m/z, red: 592.8 + 0.1 m/z, green 600.8
+0.1 m/z).



