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The stable dodecameric oxy form of Carcinus aestuarii
hemocyanin (Cae oxy-Hc) has been probed by resonance
Raman, UVvis, and CD spectroscopy. A clear signal emerged
at 746 cm¹1 (Raman) sensitive to isotopic exchange with 18O2

(¹40 cm¹1), thus confirming the presence of a ®-©2:©2 peroxide
coordinated to the cupric centers. The optical fingerprints of Cae
oxy-Hc show that symmetry breaking exists at the Cu(II)O2

2¹
Cu(II) core and that exciton coupling effects are present in the
visible region of the spectra.

Hemocyanins (Hc) are oxygen carrier and storage proteins
found in molluscs and arthropods.1 The two phyla differ in
size of the individual subunits, ternary and quaternary protein
structures, but share the same architecture for the functional
oxygen binding unit. The active site contains two copper atoms
ligated by six histidine (His) residues provided by protein
backbone, and following interaction with molecular oxygen
generates a His6Cu2O2 core.2 In Hc, the two copper centers are
nonequivalent (hence referred to as CuA and CuB) due to minor
differences in structure and accessibility of solvent as well as
reactivity toward small molecules.3 The overall symmetry of the
holohedrized His6Cu2O2 site, based on the published crystal
structure of oxy-Hc from L. polyphemus, approaches C2h

symmetry, if dihedral angles of the imidazole planes are
disregarded.4 Each copper ion can be described by a ligand
field geometry nearly square pyramidal, with one histidine
located in axial position, two histidine and two oxygen atoms in
equatorial position. The CuN bond lengths in oxy-Hc are 1.9
2.3¡, with metalmetal separation of 3.63.7¡ (L. polyphemus,
resolution 2.4¡, PDB code 1OXY).4 Such distances are
consistent with those obtained experimentally by EXAFS
analysis for the closely related Hc P. interruptus5 and nearly
identical to those obtained theoretically by DFT calculation of
the His6Cu2O2 model (Figure 1). This structural arrangement
differs from that found in tyrosinases, where the symmetry of the
dicopper site is closer to C2v.6 In the oxy form (oxy-Hc)
dioxygen is bound as peroxide in the ®-©2:©2 fashion, which
gives an EPR-silent (ST = 0) blue Cu(II)O2

2¹Cu(II) dicopper
cluster. C. aestuarii (Cae) Hc is a large protein (75 kDa subunit)
where the dodecameric form represents the most stable
aggregation state.7 Calcium ions, L-lactate,7,8 and sugar moieties
give functional stability to the dodecamers against hexamers or
other aggregation forms. The oxy-Hc Cae exhibits Bohr effect,
hence providing a complicated allosteric system for binding and
release of molecular dioxygen.1 Structural details are not yet
available for Cae Hc in either oxy and deoxy forms. However,
recently the primary structure analysis of the £-type 75 kDa (Cae
SS2, Cae structural subunit 2), in combination with structure-

based sequence alignments, tryptophan fluorescence, and glyco-
sylation analyses provided important insights on its structural
and functional organization.9

The structure analysis identified conserved histidine resi-
dues that are expected to bind the copper ions (Figure 1,
* labels) in similar fashion as in other Hc’s of various origin.
Here we report the first resonance Raman spectroscopic study of
Cae oxy-Hc in its dodecameric state, where clear fingerprints
associated to the Cu(II)O2

2¹Cu(II) dicopper site are disclosed.
The work is complemented by UVvis absorption and CD
measurements that suggest, using spectra deconvolution analy-
sis, the presence of geometric differences in coordination
environment between the two copper centers. From the sequence
generated Cae SS2, the many fluorescent tryptophans in Cae Hc
and their proximity to the dicopper oxygen binding core (ten Trp
residues located at distances 834¡ from His6Cu2)9 make
assessment of the peroxide band in oxy-Hc Cae by Raman
spectroscopy difficult to resolve. It was in fact not possible to
reveal such a signal with accuracy when experiments were
performed at liquid nitrogen temperature (T = 77K), due to
remarkable increase in protein fluorescence being accompa-
nied by the dominant vibrational feature of the tryptophan
groups10 (Trp, ¯ = ca. 760 cm¹1) falling near the peroxide band
(Figure 2A, ¯OO = ca. 747 cm¹1).

Furthermore, protein fluorescence increased almost expo-
nentially upon increasing the excitation energy (e.g., changing

Figure 1. Theoretical model (RB3LYP/LACVP*) of the low-
spin (His6Cu2O2)2+ core (dication, ST = 0, gas phase) present in
hemocyanins with optimized structure obtained under C2h
symmetry. The calculated relevant distances (CuN, CuO,
OO, and CuCu) are reported on the right side of the drawing;
for comparison, the histidine residues from protein backbone
binding the copper metal ions as found in Hc from L. poly-
phemus are marked in red, and those thought to bind the coppers
in Cae are marked with an (*).
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excitation from 532 to 410 nm). Nevertheless, we found that the
broad fluorescence bands at room temperature could be kept at
sufficient low level allowing subtraction of their contributions
from the resonance Raman signal. In addition, the presence of
sucrose in the protein solution in high concentration, necessary
to prevent fast protein degradation, required further careful
spectral corrections. The Raman measurements performed at
room temperature (T = 293K) of Cae oxy-Hc using excitation
wavelength at 532 nm gave the best results (Figure 2B, (c)
spectrum) and allowed detection of a clear symmetric peroxide
stretching frequency, at 746 « 1 cm¹1. This frequency value
supports formation of a ®-©2:©2 type coordinated dioxygen in
the Cu2O2His6 core. Such signal was not observed when the
protein was deoxygenated by gentle argon exchange combined
with addition of minimum amount of sodium dithionite (2mM,
50mM Tris Buffer, 50mM, pH 7.5). After deoxygenation
oxygenation cycles performed on ice (T = 277280K) and by
employing a mixture of 50% vol/vol of 16O2/

18O2 gas, two
peaks could be observed in the Raman spectrum (Figure 2B, (b)
spectrum); one peak at 746 « 1 cm¹1 and the second peak at
706 « 1 cm¹1, having equal intensities. Those mirrored statisti-
cally occupied centers having Cu(II)18O2

2¹Cu(II) and Cu(II)
16O2

2¹Cu(II). Upon employing pure 18O2 gas (99.9%), the
spectrum revealed a clear downshift of 40 cm¹1 in the signal
(Figure 2B, (a) spectrum, 706 « 1 cm¹1) and demonstrated that
the observed signature arises from side-on peroxide bound to
the metal cluster.11 The observed frequency in Cae oxy-Hc is
slightly higher than that reported for oxy-Hc from L. polyphe-

mus (¯OO = 744 cm¹1) or C. magister (¯OO = 744 cm¹1) but
slightly lower than those found in B. canaliculatum (¯OO =
749 cm¹1) and Octopus (¯OO = 749 cm¹1).11 The absorption
spectrum of oxy-Hc in the UVvis range is reported in
Figure 3A. The spectrum is dominated by intense aromatic
protein bands (ca. 280 nm). The charge-transfer (CT) bands
associated to transitions involving the type III copper(II) exhibit
much weaker absorptions, spanning in the 330800 nm re-
gion.11,12 Finally, the dd Cu(II) transitions should fall at ca.
700 nm but are so weak and broad that they remain hidden
within the Cu(II) CT absorption envelope occurring at nearly the
same energy region.11d Although taken with caution, the energy
range is fully consistent with that estimated by TDDFT/TDA
calculation performed on the C2h symmetric (His6Cu2O2)2+

model compound (Figure 4).13 From the spectrum, band-
deconvolution analysis suggests the presence of four dominant
Gaussian bands in the charge-transfer region and one additional
Gaussian band for the aromatic region. The sum of these
components were fit to the spectrum at an energy scale with
the ordinate divided by energy. Thus, transforming back to a
wavelength scale with an absorption coefficient ordinate, the
resulting bell curves appear asymmetric. The same procedure
has been employed for the analyses of the CD spectrum. Two of
the CT bands are assigned as peroxide ³·* and ³v* to Cu(II)
transitions (horizontal and vertical). These transitions split into
four components under C2h symmetry. However, disruption of
the symmetry (e.g., down to C1 as it occurs when CuA and CuB
are differently coordinated) should give rise to the presence of
weak and broad subbands. In addition, the Cu(II) ions in ligand
fields of low symmetry, cause four dd transitions for each
copper ion to be partially allowed.14 Such features are difficult to
unveil from a UVvis spectrum around 700 nm due to their
expected broadness, and we could not detect them in the CD
spectrum. The recorded CD envelope, in the low energy region,
discloses a strong local symmetry breaking of the Cu2O2His6

Figure 2. (A) Resonance Raman spectrum of Cae oxy-Hc
(excitation at 532 nm) recorded at T = 77K, 60 scans, 60min,
100mW. (B) Resonance Raman spectra of Cae oxy-Hc
(excitation at 532 nm) recorded at T = 293K with (a) 18O2
exchange, (b) mixture (1/1, vol/vol) of 18O2/

16O2 and (c) with
16O2, 100 scans, 100min, 100mW. The protein concentrations
in (A) and (B) were 1.3mM, Tris buffer (pH 7.5, 50mM)
containing CaCl2 (20mM) and sucrose (20%). The 90°
scattering geometry were used, the grating employed had 3600
grooves/mm and entrance slit-width was 100¯m. The frequency
scale was calibrated with 4-acetamidophenol.

Figure 3. (A) UVvis and (B) CD spectra of oxy-Hc Cae (Tris
buffer, pH 7.5, 50mM, containing CaCl2 20mM, and sucrose
20%) showing the band-deconvolution analysis together with
the total spectrum-fit (black ¢¢¢¢¢ dotted).
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core (Figure 3B). The near-UV region (250400 nm) has been
analyzed thoroughly in previous work where protein interaction
with small molecules binding to the copper centers has been
probed.15

The CD spectrum analysis reveals, with two minor
exceptions, that all band positions are in harmony with those
derived from the UVvis spectra (339, 421, 573, and 707 nm).
Nonetheless, additional minor Cotton effect induced bands
centered around 651 and 528 nm could be added to the fit. This
result does not hamper the possibility that there may exist
several broad subbands in this region. The first CT band near
339 nm, assigned (Cu(II) ← ³·*), exhibits pure negative CD.
This is an indication that this transition cannot be explained by
the exciton coupling mechanism. This interpretation agrees with
the requirements of single CD band contribution at the 707 nm
position. Meanwhile, the CD bands at 421 and 573 nm are
characterized by Cotton effect, hence these CT transitions are
likely dominated by exciton couplings.15 In conclusion, in Cae
oxyhemocyanin, we observed a symmetric peroxide stretching
frequency at 746 cm¹1 that showed oxygen-18 downshift of
40 cm¹1. The signal is typical for a ®-©2:©2 type coordinated
dioxygen Hc Cu2O2His6 core. The optical fingerprints of the
CuO and CuN CT and dd bands were analyzed by
simultaneous curve fitting of the UVvis and CD spectra, where
contribution from exciton coupling effects were dissected
indicating the symmetry breaking of the dicopper core, showing
two geometrically different Cu(II) ions.
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Figure 4. The UVvis spectrum (20 nm Gaussian band-width)
of the (His6Cu2O2)2+ core generated by single point (SP) energy
calculation (first excited) of the optimized structure shown in
Figure 1 by TDDFT/TDA (RB3LYP/LACVP*, N-states = 32)
employing frozen-core approximation. The HOMO and LUMO
molecular orbitals are drawn on the left side of the panel (0.032
isoVal).16
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