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Arthropodan hemocyanins are giant respiratory proteins responsible for oxygen
transport. They exhibit unusual assemblies of up to 48 structural subunits. Hemocy-
anin from Carcinus aestuarii contains three major and two minor structural sub-
units. Here, we reveal the primary structure of the γ-type 75 kDa subunit of Carcinus
aestuarii hemocyanin, CaeSS2, and combine structure-based sequence alignments,
tryptophan fluorescence, and glycosylation analyses to provide insights into the
structural and functional organisation of CaeSS2. We identify three functional
domains and three conserved histidine residues that most likely participate in the
formation of the copper active site in domain 2. Oxygen-binding ability of Carcinus
aestuarii Hc and its structural subunit 2 was studied using CD and fluorescence spec-
troscopy. Removing the copper dioxygen system from the active site led to a decrease
of the melting temperature, which can be explained by a stabilizing effect of the bind-
ing metal ion. To study the quenching effect of the active site copper ions in hemocy-
anins, the copper complex CuII(PuPhPy)2+ was used, which appears as a very strong
quencher of the tryptophan emission. Furthermore, the structural localization was
clarified and found to explain the observed fluorescence behavior of the protein.
Sugar analysis reveals that CaeSS2 is glycosylated, and oligosaccharide chains con-
nected to three O-glycosylated and one N-glycosylated sites were found.

Key words: Carcinus aestuarii, Crustacea, glycosylated sites, hemocyanins, primary
structure, tryptophan distribution.

Abbreviations: Asn-Gly-Ser, Asparagine-Glycin-Serin; CaeSS2, Carcinus aestuarii structural subunit 2; CFA,
Complete Freund’s adjuvant; Hc, hemocyanin; IFA, Incomplete Freund’s aduvant; LPS, Escherichia coli lipopoly-
saccharide; Man, D-mannose; GlcNAc, N-acetyl-D-glucosamine; PNGase-F, peptide N4-(N-acetyl-b-glucosaminyl)
asparagine amidase F; MALDI-MS, matrix-assisted laser desorption ionization mass spectrometry; SI, stimula-
tion indexes; Trp, tryptophan; Tyr, tyrosine.

Hemocyanins (Hcs) are large copper-containing respira-
tory proteins that act as the predominant oxygen carriers
found in several species of molluscs and arthropods (1, 2).
They have been reported to contribute to 90% of the total
hemolymph protein content. The properties of these large
extracellular oligomers, found in three classes of Arthro-
poda (Crustacea, Chelicerata, and Myriapoda), have been
extensively studied for many years, as was done for the
structurally distinct, but functionally similar molluscan
hemocyanins (3–5). They exist as 16S multimeric species
that can be organized as higher aggregation forms in
arthropodan Hcs: 24S dimers (or 2 × 6-mers), 37S tetram-
ers (or 4 × 6-mers), and 62S octamers (or 8 × 6-mers)

2+

is typical for each species of the phylum. The higher
oligomers can be reversibly dissociated under mild condi-
tions into the 16S species (Mr < 450,000, 6 × 5S subunits
with Mr < 75,000) by removing Ca2+ at neutral pH. The
5S subunit consists of a single polypeptide chain of about
660 residues folded into three structural domains (6, 7).
The subunits contain one oxygen-binding site each and are
arranged as a trigonal antiprism (5, 8, 9). Different types
of 5S subunits exist in the various Hc species that differ
from each other in their association–dissociation behav-
ior. The dissociation, however, is not always reversible.

The hexamer is the predominant form in most primi-
tive crustacean Decapoda, such as Penaeus setiferus (10)
and Penalus monodon (11), and consists of three subunits
(a, b and c subunits) (5, 8). Thus far, the primary struc-
tures of several hemocyanin subunits from chelicerata
and crustacea have been determined (12–23). In addi-
tion, detailed three-dimensional structures of hemo-
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cyanin subunits from the crustacea Panulirus interrup-
tus (24, 25) and the chelicerate Limulus polyphemus (26)
have been established based on X-ray diffraction studies.

In the present communication we focus on the struc-
tural subunit CaeSS2 of Carcinus aestuarii hemocyanin
(previously referred to as Carcinus maenuas), for which
no primary structure and other structural/biochemical
properties are known. Hemocyanin (Hc) of C. aestuarii
contains three major and two minor electrophoretically
separable polypeptide chains with different N-terminal
amino acid sequences (27). Usually, the reconstitution of
the native aggregates requires the full complement of
subunits. However, in some instances (i.e., C. aestuarii
Hc) the higher aggregation forms (24S dodecamer or
above) are scarcely populated in reassociation experi-
ments (28). Studies of the stability of the native C. aestu-
arii Hc dodecamer towards various denaturants (temper-
ature and guanidinium hydrochloride), using different
techniques, indicate that the quaternary structure is sta-
bilized by oligomerization between structural subunits,
and that the sugar moieties may have a structural role
(29–31). Under appropriate experimental conditions
CaeSS1 and CaeSS3 are able to reassociate to the hexam-
eric form (28), while CaeSS2, which has been found to be
glycosylated, is unable to reassociate after its separation
from the subunit pool. It retains its monomeric state also
at neutral pH and in the presence of Ca2+.

Here we report the complete primary structure of this
structural subunit of crustacean C. aestuarii hemocyanin
as deduced from amino acid sequencing and matrix-
assisted laser desorption/ionization mass spectrometry.
We also report structure-based sequence alignments with
homologous proteins, tryptophan fluorescence experi-
ments, and analyses of the glycosylation content of
CaeSS2, which were performed in an attempt to gain
insights into the structure–function relationships of
hemocyanins.

MATERIALS AND METHODS

Isolation of C. aestuarii Hc and Structural Subunit
CaeSS2—Native Hc from the crab C. aestuarii was pre-
pared from the hemolymph obtained from the dorsal
lacuna of living animals collected in the lagoon of Venice.
The protein was stored at –20°C in the presence of 18%
(w/v) sucrose. Before use, Hc was exhaustively dialysed
against 20 mM phosphate buffer containing 10 mM
EDTA and 5 mM hydroxylamine hydrochloride at pH 7.5.
Protein concentration was determined using the absorp-
tion coefficient at 278 nm of E278 0.1% = 1.24 mg–1 ml cm–1

at pH 7.5 and 20°C. A molecular mass of 75 kDa was
assumed for the structural subunit containing one active
site. The degree of oxygenation was determined using the
absorbance ratio of A337: A280 = 0.21 for a preparation con-
taining 100% oxy-Hc. The native protein was dissociated
into its subunits by dialysis for 24 h against 100 mM
sodium bicarbonate buffer, pH 9.5, containing 20 mM
EDTA and 1 M urea. The subunits were isolated by FPLC
ion exchange chromatography using a Resource column
eluted with 50 mM Tris/HCl buffer, 1 M urea and a non-
linear gradient of 0.0 –0.5 M NaCl.

Modification of CaeSS2 by Reduction and S-Pyridyl-
ethylation—Before each enzymatic cleavage, portions of 5
mg of CaeSS2 were dissolved in 3.0 ml of 0.25 M Tris-HCl
buffer, pH 8.5, 6 M guanidine-HCl, 1 mM EDTA. An eth-
anolic solution of 2-mercaptoethanol (10% v/v in water, at
100-fold molar excess over the cysteine residues) was
added. The mixture was incubated under nitrogen for 2 h
at room temperature in the dark. Neat 4-vinylpyridine
(100-fold molar excess over the expected cysteine resi-
dues) was added, and the mixture incubated under nitro-
gen for 2 h at room temperature in the dark. The reaction
was stopped and the pyridylethylated protein desalted by
reverse-phase HPLC on an Aquapore RP-300 column (2.1
× 30 mm; Applied Biosystems, Weiterstadt, Germany).
The elution was performed using the following condi-
tions: eluent A, 0.1% TFA in water; eluent B, 0.085%
TFA, 80% acetonitrile and 20% water; gradient program:
0% B for 5 min, then 0–100% B in 10 min. A flow rate of
0.5 ml/min was used, and the absorbance of the eluate
recorded at 214 nm. The fraction containing the modified
protein was collected and recovered by lyophilization.

Enzymatic Hydrolysis of CaeSS2 Structural Subunit—
Chymotryptic cleavage of the S-pyridylethylated protein
was performed at 37°C for 50 min by the addition of chy-
motrypsin to a final concentration ratio of 1:40 (w/w) in
100 mM ammonium bicarbonate, pH 7.8. The chymotryp-
tic digest was fractionated via HPLC on a LiChrospher
60 RP column (250 × 4 mm; Merck, Darmstadt, Germany)
by elution with a mixture of water and acetonitrile (elu-
ent A, 0.1% trifluoroacetic acid in water; eluent B, 80%
acetonitrile in 0.1% trifluoroacetic acid/water), using a
linear concentration gradient from 5 to 100% B in 100
min at a flow rate of 1.0 ml/min. The UV absorbance of
the eluate was monitored at 214 nm.

One milligram of modified CaeSS2 was dissolved in 1
ml of 5 mM ammonium bicarbonate buffer, pH 8.2, and
incubated with 20 µl of trypsin solution (1 mg ml–1) at
room temperature for 15 h, followed by a further addition
of 20 µl of trypsin solution. Then the reaction mixture
(enzyme:protein ratio of 1:30, w/w) was incubated over-
night at 37°C. The generated peptides were separated by
reverse phase HPLC on a Nucleosil 100 RP-18 column
(250 × 10 mm; Macherey-Nagel, Germany) by applying
the following gradient: from 5% B to 90% buffer B within
110 min and a flow rate of 1.0 ml min–1 (eluent A, 0.1%
trifluoroacetic acid in water; eluent B, 80% acetonitrile in
0.1% trifluoroacetic acid/water).

Mass Spectrometric Analysis—Mass spectrometric anal-
ysis of the HPLC fractions containing the peptide frag-
ments resulting from the cleavage was done by MALDI-
MS (Voyager, PerSeptive Biosystems, Wiesbaden, Ger-
many). Peptides (10–50 pmol) were dissolved in 0.1% (v/
v) TFA and applied to the target. Analysis was carried
out using α-cyano-4-hydroxycinnamic acid or 2,5-
dihydroxybenzoic acid as a matrix. Solutions of human
substance P (1,347.7 Da) and bovine insulin (5,733.6 Da)
were used to calibrate the mass scale. The mass values
assigned to the amino acid residues are the average
masses.

Amino Acid Sequence Determination—Peak fractions
were dried, dissolved in 40% methanol/1% formic acid,
and subjected to automated Edman N-terminal sequencing
J. Biochem.
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(Procise 494A Pulsed Liquid Protein Sequencer, Applied
Biosystems GmbH, Weiterstadt, Germany).

Spectroscopic Measurements—CD measurements were
performed with a Jasco J-720 dichrograph and the far UV
CD spectra were recorded between 200 and 250 nm at
apo- and oxy-forms of protein solutions of 0.25 mg ml–1 in
50 mM Tris/HCl buffer, pH 8.9 and cuvettes of 0.1 cm.

Fluorescence Spectroscopy—The apo-form (copper-
deprived) of native protein and dissociation products was
obtained by overnight dialysis against 25 mM KCN in
100 mM Tris/HCl, pH 8.0, at 4°C. The proteins were then
dialyzed against the same buffer without KCN contain-
ing 10 mM EDTA, and finally against 100 mM Tris/HCl,
pH 7.0.

Fluorescence spectra were recorded with a Perkin
Elmer LS 5 spectrofluorimeter. Protein solutions had an
absorbance at excitation wavelengths lower than 0.05 to
minimize the inner filter or self-absorption effects. The
relative quantum yields (Φ) were measured by comparing
the integrated corrected fluorescence emission spectra of
Hcs with those of N-acetyltryptophanamide, normalized
to the same absorbance at the excitation wavelength (295
nm). The quantum yield of the standard was 0.13 at 21°C
(32).

Fluorescence quenching experiments were performed
with a copper complex [Cu II(PuPhPy)2] (33) as an exter-
nal quencher in the concentration range from 1 × 10–7 M
to 20 × 10–7 M. Emission spectra were recorded at a speed
of 60 nm min–1

,
 and emission slit widths were adjusted to

5.0 nm band pass.
The results of the quenching reactions between the

excited tryptophyl side chains and acrylamide were ana-
lyzed according to the Stern-Volmer equation (32):

F0/F = 1 + Ksv[X]

where F0 and F are the fluorescence intensities at an
appropriate emission wavelength in the absence and
presence of quencher, Ksv is the dynamic quenching con-

stant and [X] the quencher concentration. The inner fil-
ter effect due to acrylamide was corrected by the factor:

Y = antilog (Absexc + Absemiss)/2

where Absexc and Absemiss are the absorbance at the exci-
tation and emission wavelength respectively.

Ksv = Kqτ

where Kq is the quenching rate constant and τ is the fluo-
rescence lifetime. The quenching rate constant Kq, which
is the rate constant for diffusional collision of the
quencher with the tryptophyl side chains, was obtained
by dividing the apparent Ksv values by the longer lifetime.

The accuracy in the excited state lifetime (τ determina-
tion was ± 0.2 ns. The decay curves contained 104 counts
at the maxima. The time interval for these curves was
100 ps per channel.

RESULTS AND DISCUSSION

Fragmentation and Purification of Subunit CaeSS2
Peptides—The amino acid sequence of CaeSS2 was deter-
mined by automated Edman degradation and MALDI-
MS analysis of protein fragments obtained by cleavage
with chymotrypsin and trypsin. After reduction with 2-
mercaptoethanol, modification with 4-vinylpyridine, and
cleavage with chymotrypsin, the generated peptides/glyc-
opeptides were fractionated on a Superdex peptide HR
10/30 column, yielding two fractions. After fractionation
of the peptide mixture in these two fractions via RP-
HPLC (Fig. 1), the peptides were analyzed by mass spec-
trometry and by sequenced. Similarly, enzymatic cleav-
age of subunit CaeSS2 was performed with TPCK-
trypsin. The resulting peptides were separated by RP-
HPLC, providing a well-resolved typical peptide map of
this subunit. Although most of the isolated fractions con-
tained pure individual peptides, mixtures of peptides
were obtained in a few cases. About 40–45 HPLC frac-
tions per digest were sequenced and used for alignment
and overlap. Approximately 95% of the amino acid resi-
dues in the CaeSS2 structure were identified at least
twice by sequencing different fragments. Occasionally,
non-specific cleavages were observed. The sequences of
tryptic peptides obtained by a combination of Edman
degradation and MALDI-MS are summarized in Fig. 2 in
comparison with sequences of known Hcs.

Primary Structure of Subunit CaeSS2—The primary
structure including all structurally and functionally
important sites of crab Carcinus aestuarii Hc subunit
CaeSS2 was established by comparison with peptide
sequences of the phylogenetically related Cancer magis-
ter Hc subunit 6 (20) (Fig. 2). The subunit is a polypeptide
of 650 amino acids with a calculated molecular mass of
74,870 Da, which agrees with the results obtained by
SDS-PAGE. The subunit was calculated to be acidic, with
an isoelectric point [pI] of 5.59. The amino acid sequence
shows the presence of high amounts of aromatic amino
acids (tryptophan, phenylalanine and tyrosine) and low
methionine content.

The complete hemocyanin sequence of subunit CaeSS2
was aligned with other crustacean hemocyanins: Dunge-

Fig. 1. HPLC separation of tryptic fragments of CaeSS2. Col-
umn: Nucleosil 100 RP-18 (250 × 3 10 mm; Macherey-Nagel, Ger-
many); solvents: A, 0.1% trifluoroacetic acid in water, and B, 80%
acetonitrile in 0.1% trifluoroacetic acid/water; gradient: from 5% B
to 90% buffer B in 110 min; flow rate 1.0 ml min–1; detection: UV, λ =
206 nm.
Vol. 138, No. 3, 2005
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ness crab Cancer magister subunit 6 (Cm a, Accession No.
AAA96966) (73.2% homology) (20), Palinurus vulgaris
subunit 1 (Pv1, P80888) (53.2%) (18), Palinurus interrup-
tus subunit c (Pic, P80096) (56%) (22), Homarus america-
nus (Ham, AJ272095) (46.8%) (21), and cheliceratan Hcs:
Cupiennius salei subunit 2 (Cs2, AJ307904) (31.1%) (13),
Limulus polyphemus subunit II (LpII, P04253) (30%)
(34), Androctonus australis subunit 6 (Aa6, P80476)
(32%) (19), Eurypelma californicum subunit d (Ec d,
P02241) (32%) (35).

Multiple sequence alignment of these primary struc-
tures reveals that the polypeptide chain lengths of many
crustacean Hcs are roughly the same [CaeSS2 (650 aa),
H. americanis a (654 aa), C. magister 6 (650 aa), P.
vulgaris 1 (657 aa) and P. interuptus c (661 aa)], while the
cheliceratan Hcs spider E. californicum subunit Ecal-a
(630 aa), the scorpion A. australis subunit (626 aa) and
the horseshoe crab L. polyphemus subunit LpII (628 aa)
are also similar but shorter (34–36). Furthermore, the
high degree of sequence similarity among arthropodan
hemocyanins (30–70% sequence identity) suggests that
the proteins have a common tertiary structure.

As expected, we observed a high degree of sequence
identity between CaeSS2 and other crustacean hemocy-
anins, in particular to P. vulgaris subunit 1 (52.5% iden-
tity) and P. interruptus subunit c (56% identity). These
three subunits belong to the γ-type hemocyanins accord-
ing to the definition of Markl (6). CaeSS2 and Cancer
magister subunit 6 seem to be more homologous to each
other (73% identity) (Fig. 2). This value is very close to
the homology reported between the subunits of H. ameri-
canus A and the hemocyanin subunits A and B of spiny

lobster P. interruptus (70.2 and 70.4% identity respec-
tively) and that of P. vulgaris (69% identity).

Crystallographic studies of hemocyanin from Panuli-
rus and Limulus (24–26, 37) have shown that arthropo-
dan hemocyanins consist of three structural domains. A
structure-based sequence alignment of the CaeSS2
amino acid sequence against homologous hemocyanins
for which structural information is known suggests a
rather strict conservation of structural features (Fig. 2).
Domain 1 (residues 1–175 in CaeSS2) is mainly α-helical
and is quite variable in sequence. Domain 2 (residues
175–395) is the most conserved and is sandwiched
between domains 1 and 3. It is also mostly a-helical and
contains the oxygen-binding CuA and CuB sites. Each cop-
per ion is buried in the core of this domain and is ligated
to three histidine side chains. The six histidines marked
by an asterisk in Fig. 2 are implicated in Cu binding
according to their highly conserved character among
arthropodan hemocyanin subunits (7, 35). The CuA helix
pair in CaeSS2 extends from residue 187 to residue 201
(helix 2.1) and from residue 216 to residue 240 (helix 2.2).
The Cu binding histidines are located at positions 193,
197, and 225. The CuB helix pair extends in the region
342 to 354 (helix 2.5) and 375 to 397 (helix 2.6). Histidine
residues binding the copper ion at the CuB site are
located at positions 344, 348, and 384. Domain 3 is rich in
β-sheets and forms a β-barrel structure: it also contains a
seven-stranded Greek-key motif with two long loops. One
of these loops contains a disulfide bound that bridges and
interacts with domain 2 and a Ca2+ binding site.

Two cysteine residues were identified in the crusta-
cean Hcs CaeSS2, Cm6, Pic, and Pv1, while 4 or 6 of these

Fig. 2. Alignment of the amino acid sequences of subunit
CaeSS2 of C. aestuarii hemocyanin with selected crustacean
hemocyanins: γ-type subunits of C. magister subunit 6 (Cma,
AAA96966); P. vulgaris subunit 1 (Pv1, P80888); P. interruptus
subunit c (Pic, P80096); α-type subunit of H. americanus
(Ham, AJ272095) and cheliceratan Hcs: C. salei subunit 2
(Cs2, AJ307904); L. polyphemus subunit II (LpII, P04253); A.

australis subunit 6 (Aa 6, P80476), E. californicum subunit d
(Ecd, P02241). Structural elements are related to P. interruptus Hc:
domain I (—), domain II (- - -) and domain III (~ ~ ~). The putative O-
and N-glycosylation sites are boxed and in italics; conserved residues
are shaded; copper-binding histidine residues (*), disulfide bridges
(c), α-helics (A) and β-sheets (B) are marked correspondingly.
Vol. 138, No. 3, 2005
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residues were observed in chelicerata Hcs Cs2, LpII, Ecd,

and Aa6. The cysteines forming the disulfide bridge and
stabilizing domain 3 are conserved in CaeSS2 and in C.
magister subunit 6 at positions 220 and 609, respectively,
but are different from the cysteines forming disulfide
bridges in LpII and in E. californicum subunits. The
disulfide bridge was proven using DTT as a reducing
agent for -S-S- bridges and applying CD spectroscopy.
The CD spectrum of native CÑpÑuSS2 shows a typical
negative Cotton effect at 208 and 221 nm. Loss of the
native conformation occurred after disulfide reduction by
DTT indicating that potential disulfide bridges indeed
exist in CaeSS2. There are about 8 Cys residues in each
subunit of C. salei hemocyanin, where four strictly con-
served cysteine residues are present in domain 3. They
most likely form two disulfide bridges that make up a
flexible hinge stabilizing the three-dimensional structure
of the subunit, as deduced from other hemocyanins (13).

As the amino acid sequence of CaeSS2 shows a rather
high content of aromatic amino acids (tryptophan,
phenylalanine and tyrosine), fluorescence spectroscopy is
a useful tool to study the stability of this protein.

CD Spectroscopy—Structural characteristics of apo-
and oxy-Hc and the subunit CaeSS2 were studied using
CD spectroscopy (Fig. 3). The CD spectra in 50 mM Tris-
HCl buffer, pH 7.5 of native and copper-free CaeSS2 are
very similar. Only a small change in the secondary struc-
ture was observed. Analysis of the spectrum of apo-
CaeSS2 yields the following average values of secondary

structure components: α-helix 16.0%; β-sheet 30.1%;
turns 20.0%; random coil 34.0%, which are similar to
those of oxy-CaeSS2.

The spectra of the oxy- and apo-forms of the CaeSS2
were recorded in the temperature range of 20–90°C and
in the 200–250 nm region, providing information on the
backbone conformation of the protein. Sigmoidal curves
obtained for the oxy- and apo-CaeSS2 were compared
with the whole molecule (27). The thermal denaturation
of Hcs was irreversible, and it was possible to follow only
the forward reaction. For this reason the melting temper-
ature (Tm), the midpoint in the sigmoidal denaturation
curve, was used to explain the thermostability of the
whole molecule of Carcinus Hc and its structural subunit
2. The melting temperature for apo-Hc is 69°C, 3°C lower
than that of for the oxy-form (72°C). Removing the copper
dioxygen system from the active site in structural sub-
unit CaeSS2 leads to a decrease of the melting tempera-
ture by 5°C (58°C and 53°C, respectively for the oxy- and
apo-form) (27), which shows that the copper ions bound
in the binuclear active site of whole molecule and CaeSS2
play a stabilizing role on the tertiary structure of the pro-
tein. Upon removal of copper, the monomeric hemocyanin
undergoes changes at the level of tertiary structure,
while the secondary structure is mostly unaffected.

Fluorescence Properties—Our determination of the
amino acid sequence of CaeSS2 identified 10 Trp and 27
Tyr residues. Upon excitation at 295 nm, the native oxy-
Hc and oxy-SSs show an emission band with λmax at 310–
336 nm (Table 1), indicating the presence of “buried”
tryptophan side chains. Indeed, analysis of the fluores-
cence decay (38) revealed that Trp residues of the
CaeSS2 subunit can be classified into three classes, with
fluorescence lifetimes of around 0.11–0.15, 0.33, and 3.1–
3.5 ns, respectively. The short-lived component is mainly
responsible for the decay of the holo-form. Its contribu-
tion to the overall fluorescence (around 70%) corresponds
to that calculated as the most acrylamide-accessible fluo-
rescence. The second class of Trp residues, with an inter-
mediate lifetime (0.33 ns), is present only after copper
removal. It can be identified with residues localized in
the close surrounding of the active site, whose fluores-
cence is fully quenched by copper-related heavy atom and
paramagnetic ion effects in the oxygenated form (39, 40).
To identify the contribution of Trp residues in CaeSS2,
the structure of the P. interruptus subunit a was used to
construct a tentative model of the structural subunit of C.
aestuarii hemocyanin. Figure 4 shows the Trp distribu-
tion in subunit CaeSS2, based on this model. The Trp
positions, together with the decay parameters, can give
useful information on the fluorescence properties of these

Fig. 3. Circular dichroism spectra in the far-UV region of the
structural subunit CaeSS2 in the holo- (dashed line) and
apo-form (solid line). All spectra were taken at 25°C in 50 mM
Tris-HCl buffer, pH 7.5, protein concentration of 0.2 mg/ml, using
0.1 cm pathlength quartz cell.

Table 1. Quenching constants (Ksv) of monomeric CaeSS subunits, native C. aestuarii Hc and the copper
complex CuII(PuPhPy)2+ in the presence of acrylamide and iodide ions.

aRef. 27; bRef. 38.

Sample
KI (KSV

–) 
(dm3 mol–1)

Acrylamide (KSV) 
(dm3 mol–1)

Copper complex (KSV) 
(dm3 mol–1)

Emission λmax (nm) 
Excitation at 295 nm

oxy- apo- oxy- apo- oxy- apo- oxy- apo-
Native Hc – – – 3.64a 310 ± 1a 322 ± 1a

CaeSS1 1.0b 1.0b 2.2b 4.0b 329 ± 1a 331 ± 1a

CaeSS2 1.0b 1.0b 2.4b 3.5b 0.9 × 106 1.4 × 106 336 ± 1a 339 ± 1a

CaeSS3 1.0b 1.0b 0.9b 10.0b 332 ± 1a 335 ± 1a
J. Biochem.
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residues individually. The quenching of tryptophan fluo-
rescence by copper ions (see above) is a very short-range
process involving quenching interactions within chromo-
phore-quencher distances of about 14 Å (41). As was cal-
culated from the model, the distances of Trp196, 203, 223
and 249 are within this range (Fig. 5) and they should
constitute the class of fluorophores, characterized by a τ
value of about 0.3 ns, which become fluorimetrically
active only after copper removal. Most of the tryptphans
located near the active site are conserved in Hcs from
other arthropods such as Cancer magister Hc subunit
Cm6, Palinurus vulgaris subunit 1, Palinurus interrup-
tus subunit c and Homarus americanus (Fig. 2). The third
class of Trp residues with high τ values (3.0–3.5 ns) rep-
resents amino acids close to the active site. Trp196, with
a distance to the active site of 8–11 Å, most probably
belongs to this class. In most arthropodan Hcs only 50%
of Trp residues are located in the vicinity of the metal
centres (8). Most of the indole residues of structural sub-
unit a of E. californicus Hc are located within a short dis-
tance (less than 1.1 nm) from copper A and B, which
explains the exceptionally strong fluorescence quenching
in the oxy-form.

As is seen from the model of CaeSS2 (Fig. 4), the emis-
sion of holo-CaeSS2 mainly arises from Trp70, 95, 500,
and Trp509, which are exposed or are near the surface of
the molecule. They belong to the first class of Trp resi-
dues having a very short fluorescence lifetime of 0.15 ns.
Trp483 is about 19–20 Å removed from the copper ions,
but is buried by the Cys residues and cannot be observed
at the surface of the molecule. It can be concluded that
the fluorescence emission of both oxy- and apo-forms of
the CaeSS2 is dominated by tryptophans located in the
hydrophobic core of the proteins and inaccessible to the
solvent.

The static fluorescence parameters agreed fairly well
with the data obtained by quenching experiments.
Quenching experiments with neutral and ionic quench-
ers further supported this conclusion. Fluorescence
quenching reactions have been widely used for studying
the degree of exposure and electronic environment of aro-
matic amino acid residues. The quenching of the indole

fluorescence of CaeSS1, CaeSS2, CaeSS3 and 16 S hex-
amer of C. aestuarii Hc is shown in Table 1, together with
those obtained for Ac-Trp-NH2 as a model for the com-
pletely solvent-exposed fluorophores. The decrease in flu-
orescence emission is a linear function of the concentra-
tion of quenching agent, i.e., the quenching process
follows the unmodified Stern-Volmer equation and can be
described using single Ksv constants. The variation of the
slopes (Ksv) of the plots reflects the different overall
accessibility of the intrinsic tryptophan residues to sol-
vent. The quenching efficiency Ksv of the oxy-form is
lower than that of the apo-form. Removal of the copper
ions from the active site increases the fluorescence inten-
sity. The removal of the copper–peroxide complex causes
structural rearrangement of the microenvironment of the
fluorophores. As a result, this residue or residues proba-
bly become more inaccessible to the solvent. This conclu-
sion is further confirmed by the values of the respective

Fig. 4. Putative localization of trypto-
phan residues and N-linked glyco-
sylation site of CaeSS2. Tryptophan res-
idues are indicated in red. Trp483 is not
shown because it is predicted to be com-
pletely buried in the structure. The N-
linked glycosylation site (Asn309) is
shown in blue. The model was generated
using the structure of subunit 1 of P. inter-
ruptus hemocyanin (PDB code 1HC1) fol-
lowing a structure-based sequence align-
ment of the sequence of CaeSS2 against
the sequence and crystal structure of P.
interruptus hemocyanin. This figure was
prepared and rendered with PyMol 0.95.

Fig. 5. Approximate distances between tryptophan residues
in C. aestuarii and the di-copper center. The distances indi-
cated are TrpCα

-Cu values observed in the homology model that was
used.
Vol. 138, No. 3, 2005
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Stern-Volmer constants (Table 1). The iodide ion (I–) is
able to quench only surface fluorophores and is effective
in discriminating between ‘‘exposed’’ and ‘‘buried’’
chromophores, as well as in revealing charge effects. Con-
siderable increase in the quenching efficiency is observed
when iodide is exposed to different concentrations of acr-
ylamide. Acrylamide is an efficient neutral quencher of
tryptophyl fluorescence and provides topographical infor-
mation about the emitting chromophores. The ability to
quench collisionally the excited indole rings depends on
its ability to penetrate the protein matrix. Acrylamide
can discriminate between ‘‘exposed’’ and ‘‘buried’’ trypto-
phyl side chains, and the results are not influenced by the
charge of the chromophore microenvironment. Different
quenching constants (Ksv) of 3.64 (M–1) for the native mol-
ecule and 4.0, 3.5 and 10.0 (M–1) for the structural sub-
units CaeSS1, CaeSS2 and CaeSS3, respectively, were
calculated (27, 38) (Table 1) which are about 6 times less
than for the copper complex [Cu II(PuPhPy)2] (Fig. 6).

The copper complex [Cu II(PuPhPy)2+], which includes
one Cu ion in its center, was used as a quencher to study
the effect of copper ions (Fig. 7). Figure 7, A and B, (inset)
shows very high values of Stern-Volmer constants: 0.90 ×
106 (M–1) for oxy and 1.45 × 106 (M–1) for apo-CaeSS2,
respectively (Table 1). The difference of Ksv values
calculated from holo- and apo-forms relates to the
quenching effect on the indole emission of copper ions in
the active site.

Oligosaccharide Composition—It has recently been
reported that the hemocyanin of the crab Carcinus aestu-
arii contains carbohydrate moieties corresponding to
1.6% of the protein mass (42). This carbohydrate content
is higher than that exhibited by other arthropodan hemo-
cyanins investigated so far. Sugar analysis of the differ-
ent subunits reveals that the subunit referred to as
CaeSS2 is glycosylated, with a carbohydrate content of
6.3%. Our sequence results show three consensus
sequences for O-glycosylation and one for N-glycosylation
(Fig. 2). The putative N-linked site is observed at position
309 with a consensus sequence Asn-Gly-Ser, typical for
N-glycosylation. From the mass difference between the
experimental and the calculated value (based on the
amino acid sequence of fragment), we found that a carbo-
hydrate chain with a molecular mass of 1,348 Da and a
potential SO4Man4GlcNAc3 structure is connected to this
site. One potential N-glycosylation site (-Asp-Val-Thr-)
was observed at the C-terminal position 639 in Cupienn-

ius salei subunit 2, which is, however, not conserved in
other crustacean hemocyanin subunits. Four potential N-
glycosylation sites are present in each of the H. america-
nus pseudohemocyanins21. One N-linkage site was identi-
fied at position 166 in the α-type subunits of P. elephas
subunits 1, 2 and 3 (23), in P. interruptus subunits a and
b, and at position 470 in β-type subunit c of P. interrup-
tus. Several putative N-glycosylation sites [-Asn-X-(Thr/
Ser)-] were observed in the primary structure of all seven
subunits of E. californicus Hc, but they do not pass
through the Golgi apparatus and no carbohydrate moiety
was detected in the native tarantula hemocyanin (35).

The carbohydrate compositions of fractions 1–3 from
CaeSS2 have been reported (42), but the glycosylation
sites were not identified. Knowledge of the full amino
acid sequence of this structural subunit now allows their
identification. Though there exist several putative sites,
the sequence -Thr-Gly-Ser- from glycopeptide 1 fits posi-
tion 170–172 of the protein sequence. Therefore, the car-

Fig. 6. Copper complex [CuII(PuPhPy)2+] including one Cu ion.

Fig. 7. Fluorescence quenching of Carcinus aestuarii struc-
tural subunit 2 with copper complex [CuII(PuPhPy)2+], in the
concentrations range from 1 × 10–7 M to 20 × 10–7 M. Emission
spectra (1 to 9) with different concentration of the complex were
recorded at a speed of 60 nm min–1, and emission slit widths were
adjusted to 5.0 nm band pasts. Fluorescence quenching data were
analyzed according to the Stern-Volmer plots describing the
quenching of oxygenated (A) and apo-form (B) of CaeSS2 by the cop-
per complex. Fo is the emission without quencher, and F is the emis-
sion at different concentrations of the complex. The monomer was
dissolved in 50 mM Tris/HCl buffer, pH 8.2.
J. Biochem.
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bohydrate chain 1 with a molecular mass of 404 Da and
the suggested structure of two GalNAc groups is O-linked
to this site. The sequence -Ser-Tyr-Ser- of the second pep-
tide (40) has an oligosaccharide attached with the sug-
gested structure N-Acetyl-O-NeuAc2Gal3GalNAc2 and a
MW of 1525 Da and fits position 118–120. The position of
the third O-linked carbohydrate chain (42) with the
sequence N-Acetyl-O-di-NeuAc2Gal2GalNAc2 and a
molecular mass of 1,466 Da could not be identified.

Data deposition: The sequences reported in this paper have
been deposited in the Swiss-Prot database: P84293. We
express our gratitude to the DLR, Internationals Büro, BMBF,
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Atlantic Treaty Organization (NATO) (LST.CLG.978560) and
from the NCSI (X-1202) of the Ministry of Education and Sci-
ence, Bulgaria. P. D.-A. thanks the Belgian Office for Scien-
tific, Technical and Cultural Affairs for a research fellowship
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