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Abstract The structure in solution and conformational sta-
bility of the hemocyanin from the Chilean gastropod mollusk
Concholepas concholepas (CCH) and its structural subunits,
CCH-A and CCH-B, were studied using fluorescence
spectroscopy and differential scanning calorimetry (DSC).
The fluorescence properties of the oxygenated and apo-form
(copper-deprived) of the didecamer and its subunits were
characterized. Besides tryptophan residues buried in the
hydrophobic interior of the protein molecule also exposed
fluorophores determine the fluorescence emission of the oxy-
and apo-forms of the investigated hemocyanins. The copper–
dioxygen system at the binuclear active site quenches the
tryptophan emission of the oxy-forms of CCH and its
subunits. The removal of this system increases the fluores-
cence quantum yield and causes structural rearrangement of
the microenvironment of the emitting tryptophan residues in
the respective apo-forms. Time-resolved fluorescence mea-
surements show that the oxygenated and copper-deprived
forms of the CCH and its subunits exist in different
conformations. The thermal denaturation of the hemocyanin

is an irreversible process, under kinetic control. A successive
annealing procedure was applied to obtain the experimental
deconvolution of the irreversible thermal transitions. Arrhe-
nius equation parameter for the two-state irreversible model
of the thermal denaturation of oxy-CCH at pH 7.2 was
estimated. Both factors, oligomerization and the copper–
dioxygen system at the active site, are important for
stabilizing the structure of the hemocyanin molecule.
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Abbreviations
Hc hemocyanin
CCH Concholepas concholepas hemocyanin
DSC differential scanning calorimetry
EDTA ethylenediaminetetraacetic acid
MOPS 3-[N-morpholino]-propanesulfonic acid
Ac-Trp-NH2 N-acetyltryptophanamide
Tris/HCl tris (hydroxymethyl) amino-methane

hydrochloride

Introduction

Hemocyanins (Hcs) are respiratory proteins in many
invertebrates, which ensure the circulatory transport of
dioxygen to the tissues. The interest in Hcs is due to their
important biological function connected with the oxygen
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transport and to the possibilities for practical application as
immunomodulators.

Native molluskan Hcs are hollow cylinders, approximately
35 nm in diameter [1], and consist of 10 (cephalopodan Hcs)
or 20 (gastropodan Hcs) 350–450 kDa subunits. Gastro-
podan Hcs have didecameric structure, with molecular mass
of ~9 MDa and cylinder height of 38 nm [1]. They consist of
two axially assembled decamers. The subunits themselves
are folded into seven or eight globular substructures, the so-
called “functional units” (FUs). Each FU has a molecular
mass of approx. 50 kDa and contains one binuclear copper
active site, reversibly binding one dioxygen molecule [2, 3].

Under non-physiological conditions Hcs can loose their
quaternary structure. The most classical way to obtain
dissociation into subunits, without loss of the ability to
reversibly bind dioxygen, is an increase of the pH (to ~9)
and removal of alkaline-earth cations (by treatment with
EDTA) [2, 3]. Gastropodan Hc can also be dissociated
under the influence of high pressure (2 kbar) [4]. Data on
the conformational stability of Hcs and subunits have been
obtained by temperature rise [5, 6] and by treatment with
chemical agents like guanidinium chloride and urea [7–9].

Studies on the structure of the Hc fromChilean gastropodan
molluskConcholepas concholepas (CCH) have been recently
published [10]. This Hc exhibits an unusual heterodecameric
array of the two subunits, CCH-A and CCH-B. Moreover, in
contrast with other molluskan Hc, its stabilization does not
require additional divalent cations in the medium and the re-
association of subunits depends on Mg2+[10]. Other specific
feature is that the subunit CCH-A has an autocleavage site
that under reducing conditions is cleaved to yield two poly-
peptides, CCH-A1 (300 kDa) and CCH-A2 (108 kDa),
whereas CCH-B remains unchanged. It was found that the
CCH-A nick is not inhibited by the addition of protease in-
hibitors and/or divalent cations [10]. CCH has been suc-
cessfully used as a carrier in the antibody development [11].
Recently, it has been reported that this protein is effective for
preventing tumor growth in a murine bladder cancer model
like widely used keyhole limpet hemocyanin (KLH) [12].

The present study was performed in order to obtain new
data about the structure in solution and the conformational
stability of the Chilean gastropod Concholepas concholepas
hemocyanin and the structural subunits constituting the Hc
molecule. The influence of dissociation and of removal of
copper was also investigated.

Materials and methods

Hemocyanin

Concholepas concholepas hemocyanin was purchased from
Biosonda Corp., Chile. To dissociate CCH into its subunits,

the protein samples were dialyzed overnight against
130 mM Glycine/NaOH buffer, pH 9.6, containing
10 mM EDTA. The two structural subunits CCH-A and
CCH-B were purified by FPLC, using Mono-Q HR 10/10
anion-exchange column (Amersham Biosciences, Uppsala,
Sweden), as described in [10].

The apo-forms (copper-deprived) of CCH and isolated
subunits, CCH-A and CCH-B, were prepared by dialysis
against 50 mM Tris/HCl, containing 25 mM KCN, pH 7.2,
for 48 h, at 4 °C, according to [13]. The samples were then
dialyzed against 50 mM Tris/HCl, containing 10 mM EDTA
at pH 7.2, and finally against 50 mM Tris/HCl, pH 7.2.

Spectroscopic methods

UV-VIS absorption spectrophotometry

Absorption spectra were recorded with a spectrophotometer
Shimadzu model 3000. Protein concentration was deter-
mined spectrophotometrically using the absorption coeffi-
cient A0:1%

278 ¼ 1:36 mg�1 ml cm�1.

Steady-state fluorescence measurements

Fluorescence measurements were carried out on a Perkin
Elmer model LS 5 spectrofluorimeter equipped with a
thermostatic cell compartment and a Data Station model
3600. The position of a chord drawn at the 80% level of
maximum intensity was taken as the position of the
spectrum. The optical density of the solutions was lower
than 0.05 at the excitation wavelength to avoid inner filter
effects. The relative quantum yields were measured by
comparing the integrated corrected fluorescence spectra of
Hcs with those of N-acetyltryptophanamide (Ac-Trp-NH2),
normalized to the same absorbance at the excitation
wavelength. The quantum yield of the standard was 0.13
at 21 °C [14].

The results of the quenching reactions between the
excited tryptophan side chains and acrylamide or KI were
analyzed according to the Stern–Volmer equation [15]:

F0

�
F ¼ 1þ KQ Q½ � ð1Þ

where F0 and F are the fluorescence intensities in the
absence and in the presence of quencher, respectively; KQ is
the collisional quenching constant and [Q] is the quencher
concentration. A small amount of Na2S2O3 was added to the
iodide solutions to prevent I�3 formation. The inner filter
effect due to the acrylamide was corrected by the factor:

Y ¼ antilog dA þ dBð Þ=2 ð2Þ
where dA and dB are the optical densities at the excitation and
emission wavelength, respectively. Static quenching with
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acrylamide was separated from the total effect by the
equation [16]:

F0

.
F:e�V Q½ � ¼ 1þ KQ Q½ � ð3Þ

where V is the static quenching constant which is related to
the probability of finding a quencher molecule close
enough to the chromophore at the moment of excitation,
to quench it statically.

Since in multitryptophan proteins, with a heterogeneous
distribution of fluorescing groups, each fluorophor may
have different quenching constants, the measured decrease
in fluorescence emission can be a non linear function of the
concentration of the quenching agent. In this case, the
quenching effect is better described by a modified Stern–
Volmer equation:

F0

�
F0 � Fð Þ ¼ 1= Q½ �ð Þ 1

�
ΣfiKQi

� �þΣKQi

�
ΣfiKQi ð4Þ

where F0, F and [Q] are as defined above, and fi and KQi

represent, respectively, the fractional fluorescence and the
quenching constant relative to the i-th tryptophan residue.
Plotting F0= F0 � Fð Þ vs 1= Q½ �, the ratio intercept/slope
express ΣKQi ¼ KQ

� �
eff
, the effective quenching constant,

and 1/intercept express ΣfiKQi

�
ΣKQi ¼ fað Þeff , the effec-

tive fraction of fluorescence accessible to the quencher [15].

Time-resolved fluorescence measurements

Time-resolved fluorescence studies were performed at 20 °C
using a nanosecond single-photon-counting spectrofluorime-
ter (system PRA 2000) and a nitrogen-filled flash lamp with
a full width at half-maximum of ~2.5 ns. The protein
samples were dissolved in 50 mM Tris/HCl buffer, pH 7.2.
For measurements of the subunits 50 mM Tris/HCl buffer,
containing 10 mM EDTA, pH 9.0, was used. The data were
analyzed by convoluting the instrument response function
L t'ð Þ with an assumed decay function P(t), as

Yc tð Þ ¼
Z t

0

L t'ð ÞP t � t'ð Þdt' ð6Þ

and comparing Yc (t) with the experimental time-dependence
Rm(t) using a nonlinear least-squares iterative convolution
method based on the Marquardt algorithm. The decay curves
contained 104 counts at the maxima and the time-resolution
for these curves was 100 ps per channel. The goodness of
the fit was assessed by the weighted residuals and the
reduced χ2-test.

Differential scanning calorimetry

Calorimetric measurements were performed on a high-
sensitivity differential scanning microcalorimeter DASM-4

(Biopribor, Pushchino, Russia), with sensitivity greater than
0.017 mJ/K and a noise level less than ±0.05 μW. Different
scan rates within the 0.5–2 K min−1 range were employed.
A constant pressure of 2 atm was maintained during all
DSC experiments to prevent possible degassing of the
solution on heating. Before measurements the protein
samples were dialyzed extensively against buffer 20 mM
MOPS, pH 7.2 (20 °C). The reversibility of the thermal
transitions was checked by examining the reproducibility of
the calorimetric trace in a second heating of the sample
immediately after cooling from the first scan. In all cases,
the thermal denaturation was found to be irreversible,
therefore the thermogram corresponding to the reheating
run was used as instrumental base line. The transitions were
corrected for the difference in heat capacity between the
initial and final state by using the chemical base line, in
accordance with [18]. The molar excess heat capacity
curves, obtained by normalizing with the protein concen-
trations and the known volume of the calorimetric cell,
were smoothed and plotted using the Windows-based
software package (Origin) supplied by MicroCal. The data
were analyzed by non-linear least-squares fitting programs,
as reported elsewhere [19]. In all cases the correlation
coefficient (r), used as a criterion for the accuracy of fitting
was calculated according to the equation:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

Xn
i¼1

yi � ycalcið Þ2
,XN

i¼1

yi � ymið Þ2
vuut ð7Þ

where yi and ycalci are, respectively, the experimental and
calculated values of the measurable parameter; ymi is the
mean of the experimental values of the measurable
parameter and n the number of points. In the calculation
of molar quantities the molecular mass used for the protein
was 9,000 kDa.

Results and discussion

Steady-state fluorescence measurements

Steady-state fluorescence parameters of the oxy- and apo-
forms of the CCH and its structural subunits, CCH-A and
CCH-B, are summarized in Table 1. After excitation at
280 nm, where is the main absorption maximum of the
tyrosine and tryptophan residues, or at 295 nm, where the
tryptophan side chains are selectively excited, the fluores-
cence spectra of the oxy-forms of CCH and its subunits,
CCH-A and CCH-B, have maxima at 335±1, 338±1 and
343±1 nm, respectively. Red shift in the tryptophan
fluorescence spectra positions to 344±1, 346±1 and 346±
1 nm was observed for the respective apo-Hcs, indicating
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that removal of the copper atoms at the active sites and
dissociation into subunits of the copper-deprived Hc change
the microenvironment of the emitting tryptophan residues.

In addition to the wavelength shifts, pronounced differ-
ences in the quantum yields, already reported in other Hcs
[7, 8] were observed. While the tryptophan emission
quantum yield of the oxy-forms of CCH and its subunits
is low (0.02–0.03; Table 1), a quantum yield of 0.1 has
been determined for the respective apo-forms. The ob-
served effect can be explained by radiationless energy
transfer from the excited indole rings to the copper–
dioxygen system in the oxy-form. Recently, Erker et al.
[21] presented a detailed study, at atomic level resolution,
that Förster transfer is responsible for the oxygen-depen-
dent quenching of the tryptophan fluorescence in tarantula
(arthropod) Hc. The tryptophans transfer their excitation
energy to the oxygenated active sites.

The absence of tyrosine emission in the fluorescence
spectra of the investigated Hcs after excitation at 280 nm
can be explained by a singlet–singlet radiationless energy
transfer from phenol groups (donors) to indole rings
(acceptors) according to Förster’s theory of electronic
energy transfer in donor–acceptor systems [22]. Similar
explanation has been given at the fluorescence measure-
ments of the Hc of the related gastropods Rapana
thomasiana (RtH) and β-Hc of Helix pomatia (β-HpH)
[23, 24].

According to the model of discrete states of tryptophan
residues in proteins there are several most probable physical
states for the emitting fluorophores [25, 26]. Each state is
characterized by its fluorescence spectrum. Analysis of the
emission spectra of CCH and its subunits (Fig. 1) on the
basis of this model shows that they can be fitted by four
spectral components, two of which (forms S and I) are due
to the emission of buried tryptophans in a polar environ-
ment (spectral form S corresponds to the emission of the
indole chromophore located inside the protein and forming
a 1:1 exciplexes with some neighbouring polar protein
group, while spectral form I corresponds to the emission of

Table 1 Steady-state fluorescence parameters of CCH and its subunits CCH-A and CCH-B

Protein Emission λmax (nm)
(excitation at
295 nm)

Relative
quantum
yield

Acrylamide quenching KI quenching

KQ (M−1) V (M−1) KQ (M−1) fa

oxy-CCH 335±1 0.02 0.65 – – –
oxy-CCH-A 338±1 0.02 1.22 – – –
oxy-CCH-B 343±1 0.03 1.79 – – –
apo-CCH 344±1 0.1 2.85 – 9.19 0.42
apo-CCH-A 346±1 0.1 3.01 – 1.66 –
apo-CCH-B 346±1 0.1 3.19 0.6 10.8 0.37
Ac-Trp-NH2 350±1 0.130a 16.33a 2.0 11.70a 1.00

a Data from [30]
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Fig. 1 Fitting of the experimental fluorescence spectra data (symbols)
of the oxy- and apo-forms of CCH, CCH-A and CCH-B to the
theoretical model of discrete states of tryptophan residues in proteins
[25] (continues lines), which are sums of the following spectral
components: S (dashed line); I (short-dashed line); II (dotted line); III
(dash-dotted line)
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chromophore forming a 2:1 exciplexes in the same
environment). The other (form II and form III) are due to
the emission of tryptophans located at the protein surface
(spectral form II corresponds to the emission of the
chromophore which is in contact with bound water, while
spectral form III corresponds to the emission of the
chromophore which is in contact with free water mole-
cules). In Table 2 the estimated contribution to the emission
of investigated Hcs of the spectral forms, corresponding to
the model of discrete states of tryptophan residues in
proteins, is shown. Besides buried tryptophans the fluores-
cence of oxy-CCH is determined also by fluorophores in
contact with free water. In the spectra of the subunits CCH-
A and especially CCH-B, exposed tryptophan residues
provide considerable contribution to the fluorescence
emission. Conformational changes in the proteins after
copper removal change the polarity of the environment of
the buried tryptophan residues (forms S and I).

Inspection of the crystallographic structure of FU RtH2-
e isolated from the Hc of Rapana thomasiana [27] shows
that Trp-69, which is completely conserved in molluscan
Hcs, is in the immediate microenvironment of the dioxy-
gen-binding site, at a distance of 5–6 Å from the copper
atom CuA. Hence, its emission should be very sensitive to
conformational changes in the region of the active site. The
other indole groups are located at a distance of ≥10 Å from
this site and are buried in the hydrophobic interior of the
globule. Results from the analysis of the emission spectra
of CCH and its subunits show considerable presence of
exposed fluorophores, which is a different feature of this
Hc. By means of surface-enhanced Raman spectroscopy
has been shown the relative abundance of the amino acids
tryptophan and cystine in the molecule of CCH in
comparison with KLH [28].

Acrylamide- and I-fluorescence quenching studies

Acrylamide is an efficient neutral quencher of tryptophan
fluorescence and provides topographical information about
the emitting chromophores [16]. It can discriminate

between “exposed” and “buried” tryptophan side chains
and the results are not influenced by the charge of the
chromophore microenvironment. The ability to quench
collisionally the excited indole rings depends on its ability
to penetrate the protein matrix. Quenching of “buried”
tryptophans by acrylamide has been explained in terms of
structural fluctuations of the protein molecules that facili-
tate the inward diffusion of the quencher [25]. The
fluorescence quenching with acrylamide of the oxy-forms
of CCH and the subunits, CCH-A and CCH-B, followed
the classical Stern–Volmer Eq. 1 (Fig. 2). The observed
linearity of the Stern–Volmer plot can be explained by the
similarity of the individual KQ constants of the tryptophan
fluorophors [29]. This means that tryptophan residues of
the protein differ only slightly in accessibility, although
discrimination among the indole fluorophores could be
expected as CCH is multitryptophan protein. Similar linear
plots have also been observed during the investigation on
the oxy-forms of RtH, β-HpH and their subunits [23, 24].
The slope of the plots at a low concentration of acrylamide
reflects to a large extent the quenching of the more
accessible residues and selective quenching can be ob-
served only if the KQ constants differ sufficiently [26]. KQ

values of 0.65, 1.22 and 1.79 M−1 were calculated for the
CCH, CCH-A and CCH-B, respectively (Table 1). These
constants are significantly lower than the value for Ac-Trp-
NH2, i.e. for tryptophan in aqueous solution, and reflect the
additional limitations of the accessibility of the quencher
molecules to the emitting tryptophans imposed by the
quaternary structure of the aggregates.

With apo-CCH and apo-CCH-A the values of KQ, 2.85
and 3.01 M−1 respectively, are significantly higher than

Table 2 Contribution to the fluorescence emission of CCH and its
subunits, CCH-A and CCH-B, of spectral forms (%), according to the
model of discrete states of tryptophan residues in proteins [25]

Protein Spectral forms (%)

S I II III

oxy-CCH 26.5 13.3 21.6 38.6
apo-CCH 16.6 0 30.1 53.3
oxy-CCH-A 18.0 15.0 23.9 43.1
apo-CCH-A 13.4 0 22.7 63.9
oxy-CCH-B 17.4 10.9 15.8 55.9
apo-CCH-B 15.2 0 15.9 68.9
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Fig. 2 Stern–Volmer plots for the quenching of the fluorescence of
the oxy-forms of CCH (circle) and its subunits CCH-A (square) and
CCH-B (triangle) by acrylamide, according to Eq. 1. The experiments
were performed at 25 °C after excitation of the protein samples at
295 nm
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those for the oxy-forms (Table 1). The Stern–Volmer plot
for the apo-form of CCH-B tryptophan fluorescence
quenching with acrylamide showed upward curvature
(Fig. 3). In this case the fluorescence of all tryptophan
residues is equally quenched (nearly equally accessible
chromophores), or only part of them are fluorescent [16].
The best fit of the curve to the linear plot was obtained
using the modified Stern–Volmer relationship of Eq. 3 and
a value of 0.6 M−1 for the static quenching constant. The
parameter V is related to the probability of finding the
quencher molecule close enough to the excited chromo-
phore to quench it with 100% efficiency. A value of V=
2.0 M−1 has been obtained for the quenching of the Ac-Trp-
NH2 fluorescence by acrylamide [16]. The value calculated
for the apo-form of CCH-B thus indicates that the local
concentration of acrylamide molecules in the proximity of
the emitting tryptophans is moderate. It thus can be
concluded that the tryptophan residues in the apo-forms of
the CCH and its subunits become more exposed than in the
oxy-Hcs. The removal of the copper at the binuclear active
sites causes a structural rearrangement of the microenvi-
ronment of the emitting tryptophan residues and they are
more accessible to the quencher molecules than in the
respective oxygenated form of the proteins.

Quenching experiments were also performed with ionic
quencher KI. Ionic quenchers, like I−, are charged and
hydrated. In contrast with acrylamide, which can penetrate
the protein matrix, they are able to quench only surface
fluorophores and are effective in discriminating between
“exposed” and “buried” chromophores, as well as in
revealing charge effects. Exposure of the oxy-forms of
CCH and its subunits to increasing I− concentrations [0.02–
0.8 M] had no effect on their fluorescence after excitation at
295 nm. The low quenching efficiency of I− can be

explained by electrostatic repulsion due to the negative
charge of the microenvironment of emitting tryptophans.
After copper removal the apo-forms of the studied Hc
molecules become more accessible to the ionic quencher I−.
KQ values of 1.66 M−1 was calculated for the subunit CCH-
A (Table 1). On the other hand, I− quenching plots for CCH
and the subunit CCH-B demonstrate heterogeneity of the
tryptophan emission, as shown by the considerable down-
ward curvature of the plots (Fig. 4). The modified Stern–
Volmer plots, then, allow us evaluating the fraction and the
KQ value of the most quencher-accessible fluorescence
(Table 1). As can be seen in apo-CCH and apo-CCH-B, 37–
42% of the total fluorescence emission is accessible to the
quenching action of I− ions. Quenching experiments reveal
differences between Trp environments in the structural
subunits CCH-A and CCH-B. The observed increase in the
quenching efficiency on the tryptophan emission of the
CCH subunits can be explained by assuming that upon
dissociation, tryptophan side chains, located in the protein
inter-subunit contact area, become more accessible to the
quencher.

Effect of pH on the conformational stability

The effect of pH on the tryptophan fluorescence quantum
yield of the oxy-forms of the CCH and its subunits, CCH-A
and CCH-B, is shown in Fig. 5. Practically no change in the
emission of oxy-CCH and oxy-CCH-A was observed in the
pH region 5.0–8.0. In the case of subunit CCH-B the region
of stability is between pH 6.0 and 8.0. Increase of the
fluorescence quantum yield at pH values above 8 can be
attributed to the titration of an ionizable group with
apparent pKa of 8.1, which is within the ionization region
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Fig. 4 Stern–Volmer plots for the quenching of the fluorescence of
the apo-forms of CCH (circle) and CCH-B (triangle) by KI, according
to Eq. 1
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Fig. 3 Stern–Volmer plots for the quenching of the fluorescence of
the apo-forms of CCH (circle), CCH-A (square) and CCH-B
(triangle) by acrylamide, according to Eq. 1
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of the α-amino group. Alternatively, the quenching process
may involve electron transfer from an excited tryptopan
residue to the α-amino group or to an ɛ-amino group with
abnormal pK, which can occur over an appreciable
distance. The transition with a midpoint at pH 6.0 most
probably represents the apparent pKa of imidazole groups
of histidyl residues. The emission of tryptophan residues in
the apo-Hcs is thus most likely quenched by nearby
protonated imidazole groups, which are able to form
complexes with indole (Fig. 6). The transition at pH≈10.5,
also observed for the oxy-forms, can be ascribed to
ionization of tyrosine residues and efficient radiationless
energy transfer from the excited indole rings to ionized
phenol groups. The small increase of the fluorescence
quantum yield of the oxy-forms below pH 5.0 is probably a
result of a destruction of the copper–dioxygen system at the
active site, which quenches the tryptophan fluorescence.
There is not such a system in the apo-form of the Hcs and
for this reason no increase of the fluorescence quantum
yield is observed in this case.

Time-resolved fluorescence measurements

For the further characterization of the conformational states of
oxy- and apo-forms of CCH and its structural subunits, CCH-
A and CCH-B, we used time-resolved fluorescence spectros-
copy. This method provides information about the molecular
environment of the fluorophores. The fluorescence decay of
the Hcs was investigated upon excitation at 297 nm, where the
light is selectively absorbed by the tryptophan chromophores,
and was fitted by bi-exponential decay function. The
theoretical fluorescence intensity at time t is given by the
function IF tð Þ ¼ A1: exp �t=τ1ð Þþ A2: exp �t=τ2ð Þ, where

A1 and A2 are amplitudes. The value of the parameter χ2 was
around 1.2 (Table 3); the residuals between the theoretical
and experimental decay curves as well as autocorrelation
plots were flat and random, which demonstrates a good
quality of the fit. Figure 7 shows the fluorescence decay of
oxy CCH-A. The calculated lifetimes, the relative amplitudes
and the χ2-values are shown in Table 3. The comparison of
the data for the oxy-forms of CCH and its subunits shows
some differences in the shorter lifetime, τ1. While for CCH
and CCH-A the shorter lifetimes are similar—0.38 and
0.34 ns, respectively, the structural subunit CCH-B has lower
τ1-value of 0.28 ns. The apo-forms of CCH and its subunits
have practically the same shorter lifetimes—0.24–0.26 ns,
but lower than those for the respective oxy-forms (Table 3).
The differences were also observed for the longer lifetime
components τ2: 2.34 and 2.52 ns for the oxy-CCH and oxy-
CCH-A compare with the τ2-value of 2.06 ns for oxy-CCH-
B. For the respective apo-forms of the Hcs the longer
lifetime components τ2 are between 2.61 and 3.11 ns
(Table 3). These results also show some changes in the
microenvironment of the tryptophan chromophores between
the oxy-forms of the CCH and the subunit CCH-A compare
with the subunit CCH-B. However, no significant differences
were observed between the apo-forms of the investigated
Hcs. On the other hand the parameters obtained from the
analysis of the fluorescence decay curves (Table 3) demon-
strate conformational changes in the native CCH and its
subunits upon the transition from oxy- to the apo-forms.
These results are in agreement with the conclusions made on
the basis of the steady-state fluorescence measurements.
Dynamic light scattering and time-resolved fluorescence
measurements of the Rapana thomasiana Hc and its
substructures also showed that the proteins adopt different
conformations in their native, oxidized or copper-deprived
form [31].
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Fig. 5 pH-dependence of the tryptophan fluorescence quantum yield
of the oxy-forms of CCH (circle) and its subunits CCH-A (square)
and CCH-B (triangle). The following buffers were used: 50 mM
sodium citrate (pH 3.0–7.0); 50 mM Tris/HCl (pH 7.0–9.0); 50 mM
carbonate/bicarbonate (pH 9.0–11.0)
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Fig. 6 pH-dependence of the tryptophan fluorescence quantum yield
of the apo-forms of CCH (circle), CCH-A (square) and CCH-B
(triangle). The buffers used are as described for Fig. 5
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Thermostability measurements

The thermal stability of the oxy-form of CCH was studied
by high-sensitivity differential scanning calorimetry. The
thermal denaturation of the Hc in buffer 50 mM MOPS,
pH 7.2, at a scanning rate of 1 K/min, was irreversible
judging from the absence of any transitions upon rescan-
ning the samples. Irreversibility of the thermal denaturation
was observed also in the DSC measurements of the Hcs
from Rapana thomasiana [6], Helix pomatia [24, 32],
lobster Palinurus vulgaris [5] and tarantula Eurypelma
californicum [33] and is a common property of the large
hemocyanin molecules.

Since CCH is an oligomeric protein, thermally induced
denaturation could be accompanied by dissociation into
subunits. The Tm and ΔHcal values for the thermal

denaturation of CCH were found to be independent of the
protein concentration within the 2.0–6.5 mg/ml range (data
not shown). For the irreversible transition luck of depen-
dence of melting temperature on the protein concentration
indicates that the dissociation of the monomers is not part
of the rate determining irreversible reaction.

Owing to the irreversibility of the thermal denaturation
of CCH thermodynamic parameters cannot be obtained
because of the strong distortion of the DSC transitions due
to the kinetics of the irreversible formation of the final state.
Nevertheless, it is possible to obtain kinetic information
from the analysis of the irreversible process. Figure 8 shows
the corrected calorimetric traces i.e., the excess specific
heat capacity function vs temperature profiles for oxy-CCH
in buffer 50 mM MOPS, pH 7.2, at three different scan
rates (0.5, 1.0 and 2.0 K/min). The transition temperature of
the irreversible thermal denaturation of CCH is dependent
on the scan rate: the maximum of the DSC profiles is
shifted toward lower temperatures with a decrease in the
heating rate, indicating that the process is kinetically
controlled.

We apply a successive annealing procedure, which is
useful for the experimental deconvolution of complicated
completely or partially irreversible thermal transitions, for
analysis of the DSC contours [32, 34–36]. Figure 8 shows
the final results of this procedure (dashed and continuous
lines), which provides three irreversible transitions.

Fig. 7 Fluorescence decay of
the oxy-form of subunit CCH-
A in 50 mM Tris/HCl buffer,
pH 7.2, λex=297 nm, λem=
350 nm. Curve A Experimental
data for the fluorescence decay;
curve B convoluted results with
bi-exponential decay function;
curve C instrumental response
function

Table 3 Fluorescence decay parameters of CCH and its subunits
CCH-A and CCH-B after excitation at 297 nm

Protein τ1 (ns) A1 (%) τ2 (ns) A2 (%) χ2

oxy-CCH 0.38 75 2.34 25 1.23
oxy-CCH-A 0.34 66 2.52 34 1.19
oxy- CCH-B 0.28 61 2.06 39 1.23
apo-CCH 0.25 57 2.93 43 1.18
apo-CCH-A 0.24 53 2.61 47 1.20
apo-CCH-B 0.26 60 3.11 40 1.24
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DSC traces for the CCH were strongly dependent on the
scan rate, which prompted us to analyse this non-equilib-
rium process based on the simplest so-called two-state
kinetic model:

N �!k D ð8Þ
which is a limiting case of the Lumry–Eyring model [37].
This model considers only two significantly populated
macroscopic states: the initial or native state (N), and the
final or denatured state (D), the transition between which is
determined by a strongly temperature-dependent first-order
rate constant (k). In this case, the excess heat capacity Cex

p is
given by the following equation [19]:

Cex
p ¼ 1

v
ΔH exp

EA

R

1

T*
� 1

T

� �� �

� exp � 1

v

ZT
T0

exp
EA

R

1

T*
� 1

T

� �	 

dT

8<
:

9=
; ð9Þ

where v ¼ dT=dt K=minð Þ is a scan rate value, ΔH is the
enthalpy difference between the denatured and native states,
EA is the activation energy of the denaturation process, R is
a gas constant, and T* is the temperature, where k is equal
to 1 min−1. The kinetic parameters obtained from the fitting
the experimental data to the two-state irreversible model
(Eq. 9) are presented in Table 4.

In view of the complex oligomeric Hc structure, the
presence of more than one structural domains undergoing
thermal unfolding more or less independently of each other
is not unexpected. It was mentioned that the splitting of the
subunit CCH-A might be similar to that previously described
for the subunit RtH2 of Rapana hemocyanin [10, 38]. In
fact, Concholepas and Rapana are closely related neo-
gastropods (Muricidae and Rapaninae). The existence of

Table 4 Arrhenius equation parameter estimates for the two-state irreversible model of the thermal denaturation of oxy-CCH at pH 7.2

Transition Parameter Temperature scan rate (K min−1)

0.5 1.0 2.0 Global fitting

First ΔH (MJ mol−1) 122±1 120±1 113±1
T* (°C) 82.5±0.1 81.6±0.1 80.8±0.2 81.5±0.2
EA (kJ mol−1) 296±2 323±2 323±3 324±3
r 0.9982 0.9912 0.9989 0.9957

Second ΔH (MJ mol−1) 21±1 24±1 23±1
T* (°C) 83.8±0.2 84.4±0.2 84.6±0.2 84.5±0.2
EA (kJ mol−1) 566±6 563±5 572±8 567±6
r 0.9913 0.9903 0.9893 0.9902

Third ΔH (MJ mol−1) 44±1 31±1 32±1
T* (°C) 94.1±0.2 94.3±0.3 92.8±0.1 94.2±0.2
EA (kJ mol−1) 334±5 322±5 317±4 320±5
r 0.9941 0.9892 0.9906 0.9900
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Fig. 8 Temperature dependence of the excess heat capacity of oxy-
CCH at scan rates of 0.5 (a), 1.0 (b) and 2.0 K·min−1 (c) with
corresponding residuals shown in the bottom panels. Continuous lines
show the experimental data and dashed lines are result of the
experimental deconvolution of the heat capacity curves into individual
components with the successive annealing procedure
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an inter-FU disulfide bridge located between FU f from the
wall and FU g from the collar of the cylindrical Hc molecule
of RtH is a hypothetical reason that can be invoked to
account for the two transitions seen in the thermogram [6].
The observed nick also should make the molecule of CCH
more unstable. Actually, compared to the β-HpH, the
thermograms of CCH and RtH have a more complex
character [6, 24, 32].

The apo-form of CCH showed lower thermostability
compared to the respective oxy-form. The Tm value of the
main transition is at 57.4 °C, which is ~20° lower than the
Tm obtained for the oxy-CCH (data not shown). This result,
similarly to data obtained for apo-β-HpH [24] demonstrates
the contribution of the copper–dioxygen system at the
binuclear active sites to the stability of the Hc structure.
Study of nine Hcs from arthropod and gastropod organisms
by circular dichroism also has shown that the hemocyanin
thermostability is highly dependent on the presence or
absence of the copper-containing dioxygen-binding sites
[39].

In conclusion, the present investigations allow physico-
chemical characterization of the CCH and the constituent
structural subunits. Besides tryptophan residues buried in
the hydrophobic interior of the protein molecule also
exposed fluorophores determine the fluorescence emission
of the oxy and apo-forms of the investigated Hc. The
oxygenated and copper-deprived forms of the CCH and its
subunits exist in different conformations. Both factors,
oligomerization and the copper–dioxygen system at the
active site, are important for stabilizing the structure of the
hemocyanin molecule.
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