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ABSTRACT

Multi-copper oxidases (MCOs) are enzymes of significant interest in biotechnology due to their efficient catalysis of oxygen
reduction to water, making them valuable in sustainable energy production and bio-electrochemical applications. This study
employs time-dependent density functional theory (TDDFT) to investigate the electronic structure and spectroscopic properties
of the Type 1 (T1) copper site in Azurin, which serves as a model for similar sites in MCOs. Four model complexes of varying
complexity were derived from the T1 site, including 3 three-coordinate models and 1 four-coordinate model with axial methio-
nine ligation, to explore the impact of molecular branches and axial coordination. Calculations using @B97X-D3 functional,
def2-TZVP basis set, and conductor-like polarizable continuum model (CPCM) solvation model reproduced key experimental
spectral features, with increased model complexity improving agreement, particularly for the ~400cm™! band splitting in reso-
nance Raman spectra. This work enhances our understanding of T1 copper sites’ electronic properties and spectra, bridging the
gap between simplified models and complex proteins. The findings contribute to the interpretation of spectroscopic data in blue
copper proteins and may inform future studies on similar biological systems.

1 | Introduction bio-electrochemical applications [8]. The functionality of MCOs

is centered on multiple copper sites, notably the Type 1 (T1) cop-

Multi-copper oxidases (MCOs) are a class of enzymes that play
crucial roles in biological electron transfer processes and have
gained significant attention for their potential applications
in biotechnology. These enzymes are characterized by their
ability to catalyze the four-electron reduction of molecular ox-
ygen to water, making them highly efficient and environmen-
tally friendly catalysts [1-3]. This unique property has led to
their increasing importance in the development of energy and
chemical sensing technologies, where MCOs are often used
as cathode catalysts [4-7], as well as in biosensors and other

© 2024 Wiley Periodicals LLC.

per site and the trinuclear copper cluster (TNC). The T1 site acts
as the primary electron acceptor from the substrate and is re-
sponsible for shuttling these electrons to the TNC. At the TNC,
the transferred electrons reduce molecular oxygen to water,
completing the catalytic cycle [1, 3, 9-11].

Raman spectroscopy has emerged as a powerful tool for prob-
ing the electronic structure of T1 centers, providing valuable
insights into their vibrational modes and metal-ligand in-
teractions [1, 12-19]. Recent advancements in experimental
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techniques have enabled the study of an MCO within a bioelec-
trocatalytic membrane using Raman spectroscopy [20]. While
the experiment provides crucial insights into the behavior of
these enzymes, interpreting the complex spectral data remains
challenging. To avoid the complexity of the protein spectra,
smaller synthetic molecules mimicking the T1 site have been
studied experimentally [12, 16, 17, 21-24]. Early computational
efforts using primitive models provided initial insights into the
electronic structure of these systems [13, 14]. Subsequently,
more advanced computational studies have been conducted on
both T1 mimics [25] and actual T1 centers from proteins [26, 27],
allowing for a more comprehensive understanding of their spec-
troscopic and electronic properties.

While MCOs are complex multi-copper enzymes, the T1 copper
site is also found in simpler, single-domain proteins known as
blue copper proteins [28]. Like MCOs, these proteins are charac-
terized by their intense absorption band around 600nm, which
gives them their distinctive blue color [1]. In its oxidized state,
the T1 center consists of a Cu?* ion strongly coordinated to one
cysteine and two histidine residues in an approximate trigonal
planar arrangement, sometimes with additional weak axial li-
gand interactions [29-33]. Among the blue copper proteins, the
wild-type (WT) Azurin T1 site has emerged as a valuable model
system for structural and spectroscopic studies [18, 26, 34, 35].
Figure 1A shows a structural model of Pseudomonas aeruginosa
azurin that highlights the interactions of the strong coordinat-
ing ligands around the Cu?* site (three weakly coordinating
axial residues; a methionine (MET) a phenylalanine (PHE), and
a glycine (GLY) have been omitted for clarity) [36]. The model
depicted has been widely used to study the T1 copper site, as
its protein backbone, and copper site geometry closely resemble
those of the wild type Azurin [27, 38, 39]. The relative simplicity
of Azurin, its well-characterized T1 site structure, robust stabil-
ity, and lack of additional metal centers makes it an ideal can-
didate for both experimental and computational investigations
[27, 40-45].

In this study, the T1 copper site of Azurin is systematically mod-
eled through four complexes of varying complexity to investigate
the impact of molecular branches on spectroscopic properties.
The models include both 3- and 4-coordinated copper geome-
tries, with the latter incorporating the axial methionine ligand
to better represent the complete coordination environment ob-
served in X-ray structures. The histidine residues HIS 46 and
HIS 117 are truncated to imidazole (Im) groups, designated as
Im, and Im,, respectively, while the cysteine residue is trun-
cated at different points along its peptide bonds to systematically
examine the influence of molecular branching on electronic and
spectroscopic properties. The weak backbone interactions from
PHE 114 and GLY 46 (Figure 1B) were excluded from this study,
as their contributions to the electronic properties and spectro-
scopic features of the T1 copper site are expected to be minimal
compared to the direct coordinating ligands. This approach al-
lows us to systematically evaluate how the equatorial primary
coordination sphere ligands and methionine axial ligation in-
fluence the characteristic spectroscopic features of T1 copper
sites, while maintaining computational tractability. The models
incorporate increasing molecular complexity to better repre-
sent the steric and electronic environment of the protein-bound
copper center, providing insights into how structural features
influence spectroscopic properties. Figure 2 depicts the distinct
truncated models Im,CuSL, each characterized by the thiolate
ligand, where L is either a methyl group (Me), a RH,(R’) group,
where R is CH,-C and R’ is NHCO-CH, or an RH(R")(R") group,
where R” is CONH-CH,.

These R' and R” groups represent truncations at the C- and N-
termini (Figure 2) of the peptide bonds from the cysteine residue,
respectively. A thorough analysis of these truncates is conducted
using geometry optimizations, time-dependent density func-
tional theory (TDDFT) calculations, and charge transfer analy-
sis. The simulated electronic absorption and resonance Raman
(RR) spectra agree well with experimental data [27, 40], provid-
ing insights into the optically driven electronic and vibrational

B)

PHE 114 GLY 46
- 0
o
s HIS 46
HIS 117 S
/ MET 46
CYS 112

FIGURE1 | (A)Thestructure of WT Azurin [36] highlighting the T1 copper site. The direction of the arrows shows the sequence from N-terminus
to C-terminus. (B) A zoomed-in view of the T1 copper site in WT Azurin. The following structures are indicated: protein residues (teal), carbon at-

oms (gray), oxygen atoms (red), nitrogen atoms (blue), copper atom (orange), and sulfur atom (yellow). Histidine (HIS) 46, HIS 117, cysteine (CYS)
112, glycine (GLY) 46, phenylalanine (PHE) 114, and methionine (MET) 46 are labeled to indicate the residues coordinated with the copper ion. The
dashed orange lines represent stronger interactions between Cu-S(Cys) and Cu-N(His) residues, and the yellow lines represent weaker axial interac-
tions between Cu-S(MET), Cu-C(PHE), and Cu-O(GLY). Adapted from the Protein Data Bank structure PDB:1JZF [37].
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FIGURE 2 | Truncated models for the T1 copper site of wild-type Azurin distinguished by the thiolate ligand S- L for (a) S-Me, where Me rep-
resents a methyl group, (b) S-RH2(R'), where R is CH,-C and R' is NHCO-CH, (N-Termini) and (c) S-RH(R)(R”), where R” is CONH-CHj (C-
Termini). Imidazole (Im) groups used as a model for HIS 117 and HIS 466. Colors: Hydrogen—White, Carbon—Gray, Nitrogen—Blue, Oxygen—

Red, Copper—Orange, Sulfur—Yellow.

transitions. This work aims to bridge the gap between simplified
models and complex proteins, enhancing our understanding of
electron transfer in blue copper proteins. The insights derived
from this study are expected to inform future research on mul-
ticopper oxidases and contribute to the advancement of bio-
inspired technologies for sustainable energy applications.

2 | Computational Details

Ground state geometry optimizations were performed using the
long-range corrected wB97X-D3 hybrid exchange functional [46]
in combination with the def2-TZVP triple-zeta valence polariza-
tion basis set [47]. The resolution of identity (RI) approximation
[48] was implemented for two-electron integrals to enhance com-
putational efficiency. Environmental effects were accounted for
using the conductor-like polarizable continuum model (CPCM)
[49], simulating aqueous conditions with a dielectric constant of
€=280.4 and a refractive index of n=1.33. Vibrational frequen-
cies were computed within the harmonic oscillator approxima-
tion to confirm that optimized structures corresponded to true
energy minima. The Im,CuS[RH(R)(R")]—MET model shows
a single negative frequency at —27cm™" due to the constrained
distance between the S(MET)-Cu bond. Cartesian coordinates
of these optimized geometries are provided in the Supporting
Information (SI).

For excited state properties, TDDFT [50] method was employed.
Vertical excitation energies for the first ten doublet states
were computed assuming non-equilibrium solvent conditions.
Electronic absorption spectra were generated using a Gaussian
band shape with a 1000cm™ full width at half maximum
(FWHM). Normal Raman spectra were derived from ground
state electronic properties, while RR spectra were computed
using the vertical gradient (VG) method [51-55] for bright states
and plotted with a Voigt band shape (10cm™ effective FWHM).

Im,CuS[RH(R')(R")]

¢ ¢
FIGURE 3 | Schematic representation of the S-RH(R')(R”) mod-
el illustrating the four fragments used in the charge transfer analysis:
Imidazole 1 (Fragment 1), imidazole 2 (Fragment 2), Cu atom (Fragment
3), and thiolate ligand (Fragment 4). This fragmentation scheme is rep-
resentative of the approach for calculating qCT values.

In all cases, qCT [56] values were calculated with reference to
four distinct fragments: the imidazole (Im) groups Im, and Im,
(Fragments 1 and 2), the Cu atom (Fragment 3), and the thiolate
ligand (Fragment 4). Figure 3 illustrates these fragments using
the S-RH(R')(R”) model as an example, which is representative
of the fragmentation scheme applied to all models in this study.
Figure S1 in the SI shows the fragments for all models.

The ORCA program suite (version 5.0.4) [57] was used for all
quantum chemical calculations in this study. The TheoDORE
program suite [56, 58, 59] was used for analysis of charge trans-
fer (QCT) characteristics through examination of transition den-
sity matrices [56] and natural transition orbitals (NTOs) [60].
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3 | Results and Discussion
3.1 | Ground-State Molecular Structures

The geometries of the three complexes, Im,CuSMe,
Im,CuS[RH,(R")], and Im,CuS[RH(R")(R")] (hereafter also re-
ferred to as S-Me, S-RH,(R’), and S-RH(R')(R"), respectively),
were optimized under implicit solvation conditions with-
out constraints, to investigate the subtle variations in vibra-
tional and electronic structures induced by different thiolate
ligands around the T1 Cu site. Additionally, the geometry of
Im,CuS[RH(R)(R")]—MET (S-RH(R)(R")—MET) was opti-
mized under implicit solvation conditions, and a distance re-
straint was applied to Cu and S(MET) to maintain the 3.317A
distance between the metal ion and the methionine residue.

Table 1 presents the optimized Cu(II)-ligand bond lengths, com-
pared with data from the X-ray crystal structure of P. aeruginosa
azurin [36] in its oxidized state. In the methyl-thiolate complex,
the imidazole groups exhibit slightly different copper—nitrogen
bond lengths, with Cu-Im, being marginally longer than Cu-
Im,. This pattern continues in the singly substituted R-thiolate
complex, where both Cu-N bonds decrease slightly but main-
tain their relative lengths. Interestingly, in the doubly substituted
R-thiolate complex, this trend reverses, with the Cu-N bond for
Im, becoming slightly longer than Im,, mirroring the pattern ob-
served in the crystal structure. The calculated Cu-S and Cu-N
bond distances in the three-coordinate models are consistently
shorter than the experimental values obtained from crystal struc-
ture data [36]. The incorporation of the axial methionine ligand in
S-RH(R)(R”)-MET results in a modest elongation of the equato-
rial Cu-N bonds, enhancing the agreement with the experimen-
tal geometry [33]. However, some discrepancies remain due to the
lack of weak axial interactions from the primary sphere (PHE and
GLY, Figure 1B), as well as secondary sphere interactions such as
hydrogen-bonding networks and protein backbone constraints.
Additionally, the long-range effects from the protein present in
the native structure also contribute to these differences. Among
the models, both the S-RH(R")(R”) and S-RH(R')(R”)-MET struc-
tures show good agreement with the experimental bond distances,
with the four-coordinate model providing the closest match to the

TABLE 1 | Calculated Cu-S and Cu-N bond distances for the
three truncated T1 copper site models considered (Im,CuS[Me],
Im,CuS[RH,(R")], and Im,CuS[RH(R")(R")]) in comparison to those of
wild-type Azurin.2?

Cu- Cu-
Structures Cu-S N(Im), N(Im),
Im,CuS[Me] 2.130 1.972 1.970
Im,CuS[RH,(R")] 2.126 1.970 1.968
Im,CuS[RH(R)(R")] 2.145 1.964 1.966
Im,CuS[RH(R) 2.138 1.971 1.970
(R")]—MET
Azurin Crystal 2.205 2.020 2.080

Structure (PDB: 1JZF)P

aDistances are reported in A.
bAzurin structure taken from Ref. [36].

crystal structure geometry. This improved accuracy stems from
both the increased structural complexity of the thiolate ligand and
the inclusion of axial coordination, which better mimics the com-
plete coordination environment of the protein-bound T1 Cu site.

Table S1 presents the bond angles surrounding the Cu*? ion for
all T1 copper site models. Since all models were optimized with-
out the constraints imposed by the protein structure, some de-
viations from experimental values are expected. The N-Cu-N
angle remains consistent across all computational models,
slightly underestimating the experimental value. Importantly,
the S-RH(R')(R”) model most accurately reproduces the
N(Im),—Cu-S angle observed in the crystal structure, while
the S-Me and S-RH,(R") models show slight deviations. The S-
RH(R')(R”)—MET model shows a slightly larger angle. For the
N(Im),-Cu-S angle, both R-thiolate models (S-RH,(R") and S-
RH(R")(R")) follow the experimental trend of being smaller than
the N(Im),-Cu-S angle, with S- RH(R)(R”")—MET matching
the crystal structure value precisely. However, the S-Me model
deviates from this pattern, exhibiting a slightly larger N(Im),-
Cu-S angle. The dihedral angle Cu-S-C,-C,, relevant only for
the R-thiolate models, shows variation among the models, with
S-RH(R")(R”)—MET providing the closest match to the experi-
mental value, followed by S-RH(R')(R”) [36].

The enhanced geometric accuracy in the more complex trun-
cated T1 copper site models is due to their bulkier thiolate groups,
which better replicates the steric environment of the protein.
These bulky substituents curve toward the N(Im); group, mim-
icking the spatial arrangement of the native protein, leading to
a closer match with experimental structure. This makes the R-
thiolate models more suitable for further spectroscopic studies
compared to the simpler methyl-thiolate model. Additionally,
the R-substituents in these models influence the Cu-S-C,-C,
dihedral angles, aligning them closely with the experimental
structure. Overall, the S-RH(R')(R”) and S-RH(R")(R”)—MET
models demonstrates the closest alignment with the crystal
structure data across multiple geometric parameters, suggesting
its enhanced ability to capture the nuances of the T1 copper site.

3.2 | Excited States, Transition Orbitals,
and Omega Matrices

Table 2 presents the vertical excitation energies, oscillator
strengths, and charge transfer (qCT) quantities for the 10 lowest
doublet excited states of the S-RH(R")(R”) model. Corresponding
data for the S-Me, S- RH,(R’), and S-RH(R")(R")—MET models
are available in the Supporting Information (Tables S2-S4).

Examination of the oscillator strengths for S-RH(R')(R”) reveals
asingle prominent bright state, D, at 1.944€V (Table 2). This state
is particularly relevant to the RR process, as discussed in subse-
quent sections. The natural transition orbital (NTO) for Dy, illus-
trated in Figure 4, demonstrates significant involvement of both
S and Cu atoms in the electronic transition. States D, and D,-D,
exhibit qCT values exceeding 0.5 e, indicative of substantial intra-
molecular charge transfer between the model's fragments.

Figure 5 displays omega matrices, which provide a concise rep-
resentation of the excitation processes. For S-RH(R')(R”), the
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TABLE 2 | Calculated vertical excitation energies, oscillator strengths, and charge transfer values for the first 10 electronic states of S-RH(R")(R")

model, compared with experimental molar absorptivity.2

Excited states AE/eV? (nm) f qCT (e) AE/eV*? (nm) ce(Mcm™)
D, 0.865 (1434) 0.000 0.533 0.673 (1842) nd
D, 1.66 (747) 0.001 0.467 1.327 (935) nd
D, 1.796 (690) 0.001 0.472 1.562 (794) 730
D, 1.854 (669) 0.002 0.464 1.699 (730) 740
DS 1.944 (638) 0.151 0.594 1.971 (629) 5070
D 3.001 (413) 0.000 0.534 2.244 (553) 510
D, 3.543 (350) 0.001 0.933 2.492 (498) 160
D, 3.669 (338) 0.000 0.936
D9 4.511 (275) 0.002 0.582
D, 4.536 (274) 0.000 0.034

SAE in eV and (in parentheses) nm units.

bExperimental electronic absorbance spectrum of Azurin, values from the ref [27]; nd, not determined.

Hole Particle

FIGURE 4 | Natural transition orbital (NTO) for excited state D, of the S-RH(R')(R”) model in its ground state geometry. The iso-surface value is

set at +0.03 e/Bohr>.

first four excited states (D,-D,), show electron localization pri-
marily on the Cu atom with some charge transfer to the thio-
late ligand. The bright state D, and the states D, and D, exhibit
charge transfer from the thiolate ligand to Cu?*, with some local
excitations on the thiolate ligand. D, and D, demonstrate charge
transfer from imidazole groups to both Cu and the thiolate li-
gand, while D,; shows minimal charge transfer activity.

The S-Me and S-RH,(R") models display similar characteris-
tics, with Dy as the bright state in both cases. For these mod-
els, the absorption energies are 1.927 and 1.934eV (Table 2),
respectively, while the qCT values are approximately 0.6 e. The
omega matrices for these models (Figures S2 and S3) reveal
patterns that are comparable to S-RH(R")(R”), with slight vari-
ations in S-Me. The four-coordinate S-RH(R')(R”)-MET model
introduces an additional fragment (Fragment 5, methionine,
Figure S4) while maintaining similar electronic characteris-
tics. The lower energy states (D,-D,) display strong localized
Cu excitations, with excitation energies ranging from 0.863 to
1.811eV and moderate qCT values (~0.47-0.54 e). The bright
state D,, at 2.017eV, exhibits a mixed character with local

Cu excitation and charge transfer from the thiolate ligand
(Fragment 4) to Cu, with qCT value of 0.577 e. In the higher
energy region, D, (3.008eV) shows similar qCT characteristics
(0.537 ¢) to D, while D,-D, demonstrate strong charge transfer
character (QCT >0.93 e). D, shows charge transfer from methi-
onine (Fragment 5) to Cu, Dy and D, involve charge transfer
from the imidazole groups (Fragments 1 and 2) to Cu. The high-
est energy state D, (4.526€eV) exhibits moderate charge trans-
fer (qCT =0.588 ¢) from the thiolate ligand (Fragment 4) to Cu.
These results demonstrate how axial methionine coordination
influences the electronic structure by providing additional
ligand-to-metal charge transfer pathways.

NTOs for the bright states of all models (Figures 4, S5-S7)
consistently show “bonding” hole density and “anti-bonding”
electron density with respect to the Cu-S bond, reflecting con-
tributions from the HOMO and LUMO. The S-RH(R')(R”)-MET
model (Figure S7) maintains this characteristic Cu-S bonding
pattern, with no significant contribution from the axial methi-
onine ligand to the bright state transition. These findings align
with experimental assignments of bright state transitions and
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FIGURE 5 | Omega matrices for excited states D,;-D, of the S-RH(R")(R”) model in its ground state geometry. The horizontal and vertical axes

correspond to hole and electron states for fragments 1 to 4, with blue regions denoting the highest charge transfer activity.

previous studies on T1 site mimics [13, 14, 23, 25]. For complete-
ness, NTOs for the remaining nine excited states of S-RH(R")(R")
are provided in Figure S8.

3.3 | Electronic Absorption Spectra

The electronic absorption properties of blue copper proteins are
fundamental to their spectroscopic characterization, particularly

in RR investigations. To elucidate these properties, simulations of
the electronic absorption spectra for all the T1 copper site models
were performed. Figure 6 presents a comparative analysis be-
tween the computed spectrum of the S-RH(R')(R”) T1 model and
the experimentally obtained spectrum of wild-type Azurin [27].

The analysis of the calculations encompasses transitions from
the ground state to the first 10 electronic excited states (see
Table 2). To facilitate direct comparison, both spectra have
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FIGURE 6 |

Comparison of the S-RH(R")(R”) model calculated electronic absorption spectrum (black line) with the experimental electronic

absorption spectrum of wild-type Azurin (red line) [27]. The calculated oscillator strengths and experimental molar absorptivity values have been

normalized for direct comparison and are presented in arbitrary units (arb. units).

been normalized to their respective maximum intensity wave-
lengths. The experimental Azurin spectrum [27] exhibits
a bright state assigned to an S prt— Cu?* transition, corre-
sponding to excited state D, at 629 nm. The predicted bright
state for S-RH(R')(R”) is also D., at 638nm, representing a
transition from a bonding to an anti-bonding state localized
on the Cu-S bond, accompanied by charge transfer from the
thiolate ligand to Cu?* (see Figure 5 and Table 2), as discussed
in Section 3.2. A notable discrepancy arises in the secondary
transition. The experimental absorption spectrum [27] re-
veals two lower intensity transitions attributed to D, and D,
at 790 and 730nm, respectively. The four-coordinate model
including the axial methionine ligand (Table S4, Figure S9)
exhibits corresponding features: a weak transition at 798 nm
and a more intense transition at 688 nm, showing improved
agreement with the experimental spectrum compared to the
three-coordinate models. The remaining differences in peak
positions and intensities can be attributed to several factors in
the protein environment. As illustrated in Figure 1B, the T1
copper site in the protein contains both equatorial and axial li-
gands in the primary coordination sphere [33]. The weak axial
interactions from PHE 114, which can provide donor-accep-
tor interactions with HIS 117 and the axial oxygen of GLY 46
which forms ionic interactions between its carbonyl oxygen
and the copper [33] were not included in the model. The con-
formational constraints imposed on the CYS residue also may
contribute. In the computational models, the structure was al-
lowed to relax during geometry optimization, whereas in the
actual protein, the conformation is restricted by the surround-
ing amino acids and protein structure, as illustrated by the
comparison of the protein and model structures in Figure S10.
Additionally, secondary sphere interactions such as hydrogen
bonding networks, as well as the long-range effects from the

protein, affect the electronic structure and, consequently, the
observed spectral features.

The smaller complexity models, S-Me and S-RH,(R’), exhibit
analogous spectral features, as illustrated in Figures S11 and S12
of the SI, respectively. These models demonstrate bright states
at 617 and 605 nm, respectively (Tables S2 and S3). Notably, the
S-Me model, despite being the least complex, shows an absorp-
tion maximum between those of S-RH,(R') and S-RH(R')(R").
This non-linear relationship between model complexity and
absorption maximum underscores the subtle interplay of elec-
tronic effects in these T1 copper site models.

3.4 | RR Spectra

In alignment with experimental limitations and the most rele-
vant spectral features, the computational analysis of RR spec-
tra focuses primarily on the vibrational modes below 900cm™!
[27, 40, 41]. This spectral range encompasses the key structural in-
formation pertinent to the T1 copper site. Figure 7 presents a com-
parative analysis of the calculated normal and RR spectra for the
S-Me model, excited at 1300 and 647nm, respectively. The spec-
tra are plotted on an absolute Raman activity scale. To facilitate
comparison, the off-resonance spectrum has been amplified by a
factor of ~10*. This amplification enhances peak intensities at 397
and 794cm™ in the resonance spectrum, with intensities approx-
imately 10* times greater than their off-resonance counterparts.

Analysis of the normal mode displacements indicates that the
397cm™! vibration is predominantly characterized by Cu-S
stretching. This observation aligns with theoretical predic-
tions of strong RR scattering from vibrational modes with
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FIGURE 8 | Simulated resonance Raman spectrum for the S-RH(R')(R”) model, plotted over the region of interest.

significant Cu-S stretching components upon excitation of
the S pt— Cu?* charge transfer transition. The normalized
RR spectrum of the S-RH,(R") model, depicted in Figure S13,
exhibits similar characteristics to the S-Me model, with a sin-
gle prominent band in the ~400cm™ region, albeit shifted to
412cm~L In the higher energy region, the band at 783cm™!
is attributed to S-C stretching coupled with C-C-N bending

modes, likely originating from the coordinated cysteine res-
idue. Unlike the S-Me model, the S-RH,(R") spectrum has a
single overtone band at 828 cm™.

The RR spectrum of the more complex S-RH(R')(R”) model
is shown in Figure 8. Most notably, the strong band in the
~400cm™ region splits into two bands in both the S-RH(R')(R”)
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TABLE 3 | Calculated normal vibrational modes and their assignments for the S-RH(R')(R”) model compared with experimental data from wild-

type Azurin.?

Mode S-Me S-RH,(R) S-RH(R)(R") S-RH(R)(R”)—MET Exp?

Cu-S Str. 397 s 414 s 397 s 400 s 372s
399 s 440 m 407 s
427 s 425 s

Ligand deformation 525w 460 w

S-C str. 794 m 783 m 774 m 782w 748 w

Overtones 828 w 797 w 801w 780 w
825w 840w 814 w
853w

aExperimental (Exp) values and mode assignments are from ref [40]. Str, stretching mode and in italics, s, strong, m, medium, w, weak intensities, respectively.

and S-RH(R)(R”)—MET (Figure S14) models. In the three-
coordinate model, these bands appear at 399 and 427 cm™!, while
the four-coordinate model shows bands at 400 and 440cm™!
(Figure S10). This splitting phenomenon can be attributed to in-
troducing new vibrational modes resulting from the increased
complexity of the thiolate ligand and axial coordination, a feature
consistent with those of previously reported T1 mimics [23, 25].

Table 3 provides a comprehensive comparison of significant
normal modes for all models alongside experimental modes
and their assignments [40]. Detailed examination of the nor-
mal modes reveals that both complex models show charac-
teristic Cu-S stretching bands in the ~400cm™! region. In the
S-RH(R")(R”) model, the lower frequency band originates from
two closely spaced modes at 397 and 399 cm™!, both involving
Cu-S and Cu-N stretching coupled with imidazole bending
vibrations, while the band at 427cm™! is primarily associated
with Cu-S stretching coupled to thiolate ligand deformations.
Similarly, the S-RH(R')(R”)—MET model exhibits a strong
Cu-S stretching band at 400cm™! and a medium intensity band
at 440cm~L. These calculated bands show excellent agreement
with their experimental counterparts for wild-type Azurin ob-
served at 372, 407, and 425cm™! (Table 3), which have been as-
signed to Cu-S(CYS) and Cu-N(HIS) stretching modes.

The weak band at 525cm™! is assigned to thiolate ligand bend-
ing motions with some Cu-S character. While this band appears
to be overestimated compared to the weak experimental band
at 460cm™! (assigned to ligand deformation modes with Cu-S
stretching contributions), it may explain the reduced band en-
hancements observed experimentally in the higher 400cm™!
region [40]. In the higher energy region (~800cm™), both S-
RH(R)(R”) and S-RH(R')(R”)—MET models show enhanced
bands. The S-RH(R')(R”) model exhibits a medium intensity
mode at 774cm™! with strong S-C stretching character, corre-
sponding well with the experimental band at 748cm™!, and
three overtone bands at 797, 825, and 853 cm™. Similarly, in the
S-RH(R')(R”)—MET model, a weak band at 782cm™ is identi-
fied as S-C stretching vibration, while bands at 801 and 840cm™!
are identified as overtones. These features are consistent with
experimental assignments of overtone bands in this region at
780 and 814cm.

Despite minor discrepancies in calculated versus observed
band frequencies and intensities, both the S-RH(R")(R”) and
S-RH(R")(R”)—MET models successfully capture the main
spectral features of the T1 copper site. The inclusion of the axial
methionine ligand maintains the characteristic vibrational pat-
terns while providing additional insight into the role of axial
coordination. This agreement underscores the efficacy of these
models in representing the electronic and vibrational properties
of the protein active site, providing valuable insights into the
structure-spectroscopy relationships in blue copper proteins.

4 | Conclusions

This study presents a comprehensive computational investi-
gation of T1 copper site models with increasing complexity: 3
three-coordinate models (S-Me, S-RH2(R'), and S-RH(R")(R"))
and 1 four-coordinate model including axial methionine coor-
dination (S-RH(R")(R”)—MET). The work encompasses ground
state geometries, electronic excitations, absorption spectra, and
RR spectra, providing valuable insights into the structure-prop-
erty relationships of blue copper protein active sites.

The ground state geometries of the models are in good agreement
with the experimental data, with the closest match achieved by
the S-RH(R')(R”)—MET model (Tables 1 and S1). The inclusion
of the axial methionine ligand improves agreement with exper-
imental geometry through modification of the primary coordi-
nation sphere bond lengths. This suggests that increasing both
the thiolate ligand complexity and coordination number better
approximates the T1 copper site structure. Nevertheless, some
geometric discrepancies remain due to the absence of weak axial
interactions from PHE 114 and GLY 46 residues, along with sec-
ondary sphere interactions such as hydrogen-bonding networks
and protein backbone constraints.

The electronic absorption calculations successfully reproduce
the primary features of experimental spectra, including the
prominent S pm— Cu?* transition (Figure 5). Including the
axial methionine ligand in S-RH(R')(R”)—MET improves
agreement with experiment, including the reproduction of
a transition at 688nm that corresponds to the experimental
feature at 730nm. Fully capturing the electronic structure
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of these complex systems remains challenging as achieving
accurate transition energies depends on all primary and sec-
ondary sphere interactions within the protein environment.
Nevertheless, the consistency across our series of models
provides confidence in the overall trends observed (Table S1,
Figures S9, S11, S12).

The RR spectra calculations reveal a striking enhancement of
Cu-S stretching modes upon resonant excitation, consistent
with experimental observations. Notably, the splitting of the
~400cm™! band appears in both the S-RH(R')(R”) (Figure 8)
and S-RH(R")(R”)—MET (Figure S14) models, but is not ob-
served in simpler models, aligns with expectations based on
previous experimental and computational studies of T1 mimic
sites reported in the literature. This splitting demonstrates the
importance of ligand complexity in accurately representing the
vibrational properties of the T1 copper site. The agreement be-
tween calculated and experimental RR spectra, particularly for
the S-RH(R")(R”) and S-RH(R")(R”)—MET models (Table 3),
validates our computational approach and provides a solid foun-
dation for future spectroscopic studies of blue copper proteins.

It is important to note that the accuracy of these calculations
depends highly on the steric environment around the thiolate
ligand. While both three- and four-coordinate models provide
valuable insights, the accuracy of these calculations depends
on capturing the complete protein environment around the
T1 copper site. The presence of the axial methionine ligand
improves geometric and spectroscopic agreement with exper-
iment, yet the weak axial interactions from PHE 114 and GLY
46 residues, along with secondary sphere interactions such as
hydrogen-bonding networks and protein backbone constraints,
remain to be fully addressed. A more comprehensive study
could be achieved using QM/MM methods, which would allow
for including the entire protein structure without altering the
T1 site. This progress will help bridge the gap between theoreti-
cal predictions and experimental observations, yielding deeper
insights into the structure-function relationships of these fas-
cinating and important proteins. Future work in this direction
promises to enhance our understanding of blue copper proteins
and their roles in biological electron transfer processes, aiding
the development of alternative renewable energy technologies.
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