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Computational details
In this section we report details about the following procedures:

¢ The construction of the 14 initial configurations used for the calculations performed at
the DFT level reported in the main document.
e The DFT calculations of simplified (truncated) models.

¢ The Bond Valence Sum (BVS) calculations.

Construction of initial configurations

Models Ia, ITa and IIc were obtained by adding dioxygen to the Cu'-AB(1-16) structures

previously obtained in Ref. 1 after reduction of Cu®*-AB(1-16). These latter models were built
combining homology modeling (HM) with quantum mechanics based (QM) methods and
enclose the different metal coordination spheres proposed experimentally at different pH by
EPR spectroscopy (see Introduction in the main document). In order to isolate the effects of
the first coordination sphere, the models were truncated keeping only the most relevant
residues; that is, Asp1, His6, His13 and His14 for Ia and Ila and Aspl, Ala2 and His 6 for

IIc. The obtained configurations were partially optimized at the DFT level (see below).

For models 1-15, we considered the Cu-bound states of hydroperoxide in Cu(I)-AB(1-16)
complexes, from Ref 2, and substituted hydroperoxide by dioxygen keeping the bath of 311

water molecules. The AP peptide is represented, as in the 16 models of Ref. 2, by the two

peptides with sequence DGGGGHD-NHCH; and CH;CO-HH-NHCH; model peptides,
respectively. Among the 16 configurations, only those with O, in the first Cu-coordination
sphere were considered whereas configurations with O, in the second sphere (3, 4, 6, 12 and
16) have not been used as models for the dioxygen binding to Cu(I). The configuration

numbering of Ref. 2 is here kept for an easier connection with that work.

Short Car-Parrinello damped molecular dynamics (CP-MD) simulations®* of 100 fs were
performed on the 11 systems to adapt the configuration to the change of oxidation state. The
parallel version of the Quantum-Espresso package®, which incorporates Vanderbilt ultrasoft
pseudo-potentials® and the PBE exchange-correlation functional’, was used in all CP-MD
simulations. Electronic wave functions were expanded in plane waves up to an energy cutoff

of 25 Ry, while a 250 Ry cutoff was used for the expansion of the augmented charge density
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in the proximity of the atoms, as required in the ultra-soft pseudo-potential scheme. To
minimize finite volume effects, periodic boundary conditions are imposed to the system.
Each initial model for the Cu-peptide complex is inserted in a super-cell with sufficiently
large linear dimensions to maximize the separation between nearest-neighbor replicas of the
system so as to have minimal spurious self-interactions. The super-cell was orthorhombic
with sides of 2.24, 2.05 and 2.15 nm in the three directions of space. All the DFT calculations
were performed with separated spin effective mono-electronic states, within the local spin
density approximation. Simulations have been carried out according to the following general
protocol consisting of the two sequential steps: 1) minimization of electronic energy with
fixed atomic positions; 2) minimization of total energy as a function of both atomic and
electronic degrees of freedom. The energy minimization of steps 1-2 are performed via

damped CP-MD, with a damping frequency for all the degrees of freedom of 1/(10dt) and

with St the time-step of 0.12 fs used for all the CP-MD simulations. The maximal force in the
final configuration was always within 0.001 Ry/bohr and the number of minimization time-
steps was in the range of 100-200, depending on the system size. It must be noticed that this
minimization does not yield a minimum in the total energy, as expected in geometry

optimizations, because of the large number of degrees of freedom involved.

The final configurations obtained with this basic minimization were used for constrained
geometry optimizations based on truncated models that include only the relevant residues for
coordination (Asp1, His6, His13 and His14) and water molecules within a range of 2 A from
the dioxygen molecule using a hybrid DFT functional. Cu ligands were simplified by
substituting His sidechains by 4-methyl-imidazole, and Ala 2 by NHCH;. The CP atoms of
His sidechains and Asp 1 were kept fixed during geometry optimizations to partially keep the

geometrical constraints due to the original peptides.

To estimate differences in formation energy for the 14 configurations, the molecule formed
by Cu(I) bound to N&/e (N3) in 4-methyl-imidazole is assumed as a reference, mimicking the

initially formed Cu(I)-His complex. The formation energy of each AB—Cu(I)-O- complex (E/)

is defined as the energy difference for the reaction:

(metImg/e)—Cu(I)-(H.0)3;+ L + O, - (metImg/e)LCu(I)-O, +3H,0 (D)
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where the L ligands are those additional to 4-methyl-imidazole (metlmg,) in each of the Cu-

AP truncated model analyzed, (metImg,)L,Cu(I) mimicking Cu(I)-Ap.

Electronic structure methods

The 14 truncated configurations obtained as described above, were used for the investigation
of O, activation by means of density functional theory methods. The functional chosen for
this work needs to properly describe the coordination properties at the metal site, particularly
the formation of the charged transfer Cu**-AB--O, superoxide complex. For that, both the
second ionization energy (IE) of Cu and the O, electron affinity (EA) needs to be properly
described by the chosen functional. Table S1 shows the second IE of Cu and the O, EA
computed with different functionals and with the basis set (SB) used for the Cu-Af
complexes; i.e., the LANL2DZ pseudopotential and its associated basis set for copper
(5s5p5d)/ [3s3p2d]® and the standard 6-31+G(d) basis set for the rest of atoms. Moreover, in
order to analyze the effect of further enlarging the basis set on these two properties we used
the triple-zeta quality basis set LANL2TZ (5s5p5d)/ [5s5p3d] basis set for Cu® supplemented
with an f function and the 6-311++G(d,p) for other atoms (LB). Results show that hybrid
functionals (M06, M06-2X and B3LYP) provide similar IE, around 0.3(0.2) eV too large with
the SB(LB) basis sets compared to the experimental value, while M0O6-L provides an IE that
is 0.1 eV lower. However, concerning the electron affinity, M06-2X seems to be the one that
better compares to experiment. Moreover, M06-2X functional has been shown to provide a
good description of charge transfer complexes" and is able to account for mid-range
dispersion forces'. Additionally, previous studies on Cu** complexes'>'* have shown that
GGA functionals or hybrid functionals with a low percentage of exact exchange tend to
exhibit too large spin delocalization, situations that are overstabilized due to a bad
cancellation of the self-interaction part by the exchange functional. Thus, M06-2X functional

was chosen to analyze O, activation by Cu’-Ap.

Geometries optimizations were done considering solvent (aqueous) effects using the SMD"
implicit solvation model and thus, residues were considered in the protonation states expected
in solution at physiological pH. Noteworthy, calculations for a model system show that
optimized geometrical parameters exhibit minor differences regardless we use one functional

or another or whether we use the SB or LB. (see Table S2).
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Open-shell calculations were based on an unrestricted formalism. All electronic structure

calculations have been performed with the Gaussian 09 set of programs.'®
Bond Valence Sum calculations

The bond valence parameter'” is given by the following expression:

R,—R

B
Bond Valence = €

where R is the length of a bond between the two given atoms and R, and B are parameters (in
A) reported in the literature.'® The bond valence has the property that its sum (BVS) around

each atom in a compound is equal to the valence (oxidation state) of that atom.

For all the 14 models described in Table 1 of the main document and shown in Figures S2
and S3 the bond valence sum (BVS) parameter is calculated using the following input

parameters (in A):
Ro(Cu(1)-N(-3)) = 1.52 (coordination = 3)
Ro(Cu(1)-N(-3)) = 1.48 (coordination = 2)
Ro(Cu(2)-N(-3)) = 1.763 (coordination = 4)
Ro(Cu(2)-0(-2)) = 1.679 (coordination = 4)
B=0.37
cut-off for Cu-N/O ligand atoms = 2.5

The obtained values are in agreement with the expected formal oxidation state of the
complexes. Moreover, the comparison with the crystal structures of Cu proteins'® shows that

the computed BVS values for all of the structures here reported are acceptable.
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Table S1. Ionization Energy (IE) of Cu and Electronic Affinity (EA) of O, in gas phase in eV at
different levels of calculation with the small basis (SB) and the large basis (LB) sets. The references
for the experimental data are a) Ref. 20 b) Ref. 21.

IE EA
SB LB SB LB
Exp. 20.29° -0.448"
MO06-L 20.17 | 20.12 | 0.22| 0.21
Mo06 20.65| 20.56 | 0.55| 0.51
M06-2X 20.60 | 20.52 | 0.35| 0.37
B3LYP 20.78 | 20.57 | 0.59| 0.58
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Cu*AB*0,

a;: L1-Cu-L2
ay: L2-Cu-L3
as: L3-Cu-L4
as: L4-Cu-L1
as: L1-Cu-L3
as: L2-Cu-L4

Distances Angles Cu spin

d d: ds d, ds a a a; a as ag density

MO6-L | 2.13 | 2.02 | 206 | 2.03 | 1.28 | 91.9 | 88.8 | 89.6 | 95.4 | 157.5 | 164.3 0.44

MO6 | 2.11 | 2.01 | 2.04 | 2.00 | 1.28 | 93.3 | 86.2 | 87.0 | 94.1 | 172.8 | 171.6 0.44

2.09 [ 205 [ 202 [ 205 [ 1.31 | 90.4 [ 87.6 | 90.2 | 93.1 [ 167.0 | 173.2
M06-2X 0.71
2.09) | 2.06) | @.01) | 2.06)| (1.31)| 91.1) | 87.7)| (88.3) | (93.3) | (173.6)| (175.0)

B3LYP | 2.12 | 2.04 | 2.05 | 2.04 | 1.31 | 925 | 87.6 | 88.1 | 93.8 | 169.5 | 167.9 0.53

Figure S1. Model considered for coordination Ia calculated at different levels of theory with the LB(SB) basis
set. Cu atom is in orange, C atoms are in yellow, N atoms are in blue, O atoms are in red and H atoms are in
white. Distances are in Angstroms and angles in degrees.
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Cu'AB"™ - 0,

L3
Distances Cu-N"'=2.21; Cu-N"*=2.06
Cu-0O" = 3.44; Cu-N*=2.07
0-0=1.20
Angle N"'-Cu-O" =153.6; N"*-Cu-N"'=142.8
s:
BVS: 061

Cu+ABIIa oo ()2

Distances Cu-N™"=2.11; Cu- O*=3.71
Cu-N"=2.06; Cu-N*=2.17
0-0=1.20

Angle N"“'-Cu-N'"’=139.5; N**-Cu-0"*=155.5
S:
BVS: 0.61

Cu2+ABIa02—
e, ] L2

; v—"U'Lﬁ . ﬂ’f}ﬁ'.i’t:_
ol

vy il

Distances: Cu-N"'=2.09; Cu-N"’=2.04
Cu-0"=2.02; Cu-N*=2.04

0-0=1.31

Angles N"-Cu-0"’=164.4; N**-Cu-N"=162.4
BVS: 176
Cu2+ABIIaOZ—
. PN
Tenat o
TG < 12
1 -iLS ‘
-

Distances: Cu-N''=2.02; Cu- O™=2.02
Cu-N™=2.04; Cu-N"=2.08
0-0=1.31

Angles N"'-Cu-N"=175.5; N**-Cu-0"*=177.9

BVS: 1.80

Figure S2. Cu"AB---0, — Cu**ABO, structures for models Ia, ITa and IIc. Cu atom is in orange, C atoms
are in yellow, N atoms are in blue, O atoms are in red and H atoms are in white. Distances are in

angstroms and angles in degrees.
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Cu'AB™ - O,

b 3

Distances Cu-N"=2.03; Cu-N*?=2.09
Cu-NP!'=2.20; Cu-O =4.05

0-0=1.20

Angle O-Cu-N"'=156.7; N**-Cu-N"*=140.3

s:
BVS: 0.63
Figure S2. Continuation.

-

Distances: Cu-N"=2.06; Cu-N*?=2.00
Cu-0=2.02; Cu-N"'=2.08
0-0=1.31

Angles 0O-Cu-NP'=171.3; N*%-Cu-N"=169.6

iSVS: 1.80
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Distances Cu-N*'=2.08; Cu-N“=2.20
Cu-N™=2.13; Cu-0"=4.10
Cu-O™=3.15; 0-0=1.20

Angle N"-Cu-N"=119.5; N**-Cu-N"*=94.3

s: NM-Cu-N"3=140.4
BVS: 0.58

Model 1

.'\“ : L. .
. o1, ¥
L3
%
b w )

« ¥

-
Distances Cu-N"=2.06; Cu-N"*=2.04
Cu-N"=2.09; Cu-O*=2.00

Cu-0"=3.01; O-0=1.31

Angles N"'-Cu-N'"*=149.6; N**-Cu-0*=163.5

iBVS; 1.74

Figure S3. Cu*Ap---0, — Cu*'ABO; structures for models 1-15. One model per page is displayed. Cu
atom is in orange, C atoms are in yellow, N atoms are in blue, O atoms are in red and H atoms are in
white. Distances are in angstroms and angles in degrees.

Cu'AB -+ O,

Model 2
Cu*ABO,”
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Model 2

L™
< -

Distances Cu-N"=2.08; Cu-N"=2.01;
Cu-0"=2.18; Cu-0“=2.85;
0-0=1.20

Angle N"'-Cu-N'?=123.4; N"“-Cu-0"=103.4;

s: NM-Cu-0™=132.1

BVS: 0.64

Figure S3. Continuation.

& M ‘ SN
L ; ‘-,;.j [%‘m-r ¥
- L2 L4
; \-~'
b\b L1 -
AN \( :
&
| -
bl
"\L
Distances: Cu-N"'=2.05; Cu-N*=2.05

Cu-0"%=2.07; Cu-0"*=2.01

0-0=1.31

Angles N"-Cu-0"=144.7; N**-Cu-0"*=163.9

BVS: 1.68
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Model 5

Distances  Cu-N"=2.02; Cu-0O"=2.50
Cu-N"3=2.03; Cu-O™*=2.90

0-0=1.20
Angle N"'-Cu-0"=93.1; 0"*-Cu-N"*=96.3
S: N'-Cu-N"=169.6
BVS: 0.63

Figure S3. Continuation.

Distances: Cu-N"'=2.07; Cu-0"=2.03
Cu-N"=2.03; Cu-0O™=2.00

0-0=1.30
Angles N"-Cu-N"*=162.5; 0"*-Cu-0"*=152.1

BVS: 1.74
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Model 7

-
L
Distances Cu-N"'=2.07; Cu-N"*=2.06; Distances: Cu-N"'=2.09; Cu-N"’=2.04
Cu-0"=2.30; Cu-0"*=2.90; Cu-0"=2.09; Cu-0"=2.02
0-0=1.20 0-0=1.30
Angle N"'-Cu-N"=136.0; N**-Cu-0"’=112.3; Angles N“-Cu-0"=138.3; N**-Cu-0*=152.7
s: NM-Cu-0"*=111.7 :
BVS: 0.66 BVS: 1.62

Figure S3. Continuation.
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Cu'AB -+ O,

LS |

A

Distances Cu-N"=2.14; Cu-N**=2.15
Cu-N"=2.11; Cu-0*=2.87

0-0=1.20
Angle NM-Cu-N'?=95.5; N*-Cu-N"=121.8
s: NM-Cu-N"2=139.9
BVS: 0.57

Figure S3. Continuation.

Model 8

Distances: Cu-N"'=2.06; Cu-N*?=2.08

Angles

BVS:

Cu-N"=2.07; Cu-0"=2.02
0-0=131

N"'-Cu-N"=157.5; N**-Cu-0"*=163.4

1.72
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Model 9

Distances Cu-N''=2.10; Cu-N"*=2.16; Distances: Cu-N"=2.05; Cu-N*?=2.11
Cu-N"=2.15; Cu-0“=2.89; Cu-N™=2.06; Cu-0"=2.21
Cu-0"=3.05; 0-0 = 1.20 Cu-0O™=2.10; O-O =1.32

Angle N“'-Cu-N"=110.6; N**-Cu-N"=102.5; Angles N"-Cu-N"*=169.8; N**-Cu-0"*=107.3

s: NM-Cu-N'¥=146.9 :

BVS: 0.57 BVS: 1.86

Figure S3. Continuation.
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Model 10

Vad

&L\
& |
~ - \'

Distances Cu-N"=2.01; Cu-N*?=2.07 Distances: Cu-N"'=2.03; Cu-N*=2.07
Cu-0%=2.36; Cu-0“*=4.00 Cu-0%=2.05; Cu-0*=2.00
0-0=1.20 0-0=1.31

Angle N“'-Cu-N'"*=172.0; N**-Cu-0"’=74.5 Angles N"'-Cu-0"=175.2; N**-Cu-0"*=165.5

s: NM-Cu-0"=106.0 :

BVS: 0.44 BVS: 1.72

Figure S3. Continuation.
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Model 11

Distances Cu-N"=2.00; Cu-N"*=2.00;
Cu-0"=3.00; Cu-0“*=2.85;

0-0=1.20
Angle N"'-Cu-N"*=163.0

S
BVS: 049

Figure S3. Continuation.
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Model 13

Distances Cu-N"'=2.07; Cu-N™=2.20
Cu-N"=2.08; Cu-0"**=2.92

Cu-0"=2.83; 0-0 = 1.20
Angle N“'-Cu-N'"?=112.5; N**-Cu-N"*=96.7

s: N"'-Cu-N"’=149.1
BVS: 061
Figure S3. Continuation.

Distances: Cu-N"'=2.17; Cu-N"=2.06
Cu-N"=2.11; Cu-0*=1.99

Cu-0"=2.31; 0-O = 1.30
Angles N"-Cu-N"=125.0; N**-Cu-0"*=168.7

i3VS: 1.79
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Model 14

Distances Cu-N''=2.03; Cu-0“*=2.38;
Cu-N™=2.07; Cu-O™=2.84;
0-0=1.20

Angle N"'-Cu-0"=110.0; O"*-Cu-N"*=88.9;

s: NM-Cu-N¥=157.4

BVS: 0.43

Figure S3. Continuation.

Distances:

Angles

BVS:

Cu-N"'=2.07; Cu-0*=2.02
Cu-N"=2.08; Cu-0"*=2.02

0-0=1.30
N"'-Cu-N"*=165.6; 0**-Cu-0"*=160.8

1.67
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Model 15

Distances Cu-N"=2.07; Cu-N*?=2.21 Distances: Cu-N"'=2.03; Cu-N*?=2.10
Cu-N™=2.08; Cu-0“*=2.93 Cu-N™=2.04; Cu-O™=2.04
0-0=1.20 0-0=1.30

Angle N“-Cu-N"*=108.6; N**-Cu-N"*=96.0 Angles N"-Cu-N"*=165.5; N**-Cu-0"*=142.3

s: NM-Cu-N'3=154.6 :

BVS: 0.60 BVS: 1.73

Figure S3. End.
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