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Abstract Hemocyanins are oxygen carriers of arthropods
and molluscs. The oxygen is bound between two cop-
per ions, forming a Cu(II)-O2

2)-Cu(II) complex. The
oxygenated active sites create two spectroscopic signals
indicating the oxygen load of the hemocyanins: first, an
absorption band at 340 nm which is due to a ligand-to-
metal charge transfer complex, and second, a strong
quenching of the intrinsic tryptophan fluorescence, the
cause of which has not been definitively identified. We
showed for the 4·6-mer hemocyanin of the tarantula
Eurypelma californicum that the fluorescence quenching
of oxygenated hemocyanin is caused exclusively by
fluorescence resonance energy transfer (FRET). The
tarantula hemocyanin consists of 24 subunits contain-
ing 148 tryptophans acting as donors and 24 active
sites as acceptors. The donor–acceptor distances are
determined on the basis of a closely related crystal
structure of the horseshoe crab Limulus polyphemus
hemocyanin subunit II (68–79% homology). Calcula-
tion of the expected fluorescence quenching and the
measured transfer efficiency coincided extraordinary
well, so that the fluorescence quenching of oxygenated
tarantula hemocyanin can be completely explained by
Förster transfer. This results explain for the first time,
on a molecular basis, why fluorescence quantum yield
can be used as an intrinsic signal for oxygen load of at
least one arthropod hemocyanin, in particular that
from the tarantula.
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Introduction

Hemocyanins (Hc) are respiratory proteins of arthro-
pods and molluscs, and are freely dissolved in the he-
molymph (Salvato and Beltramini 1990; Markl and
Decker 1992; Van Holde and Miller 1995; Van Holde
et al. 2001). The hemocyanins of molluscs form high
mass cylinders and reversibly bind up to 160 molecules
of oxygen. The hemocyanins of arthropods occur as
multiples of hexamers (1·6, 2·6, 3·6, 4·6, 6·6, 8·6).
Each subunit, with a molar mass of about 72 kg/mol,
reversibly binds one molecule of oxygen (Magnus et al.
1994). Although the structures of mollusc and arthropod
hemocyanins are different, they have almost identical
active sites. The active site of deoxygenated hemocya-
nins consists of two copper ions, Cu(I), each ligated by
three histidines (Gaykema et al. 1984; Volbeda and Hol
1989; Hazes et al. 1993; Magnus et al. 1994). Oxygen is
bound in a side-on (l-g2:g2) coordination between the
two ions (Kitajima et al. 1989, 1992; Baldwin et al. 1992;
Magnus et al. 1994). Bound oxygen becomes a peroxide,
oxidizing the copper ions to Cu(II).

For our investigation, the 4·6-mer hemocyanin of the
tarantula Eurypelma californicum was used as a para-
digm (Fig. 1). This 24-subunit hemocyanin contains se-
ven different subunit types (a–g) (Markl et al. 1981).
Each hexamer contains the subunits a, d, e, f, g and
either the subunits b or c. Two of the four hexamers in
the native hemocyanin contain the subunit b, the
remaining two the subunit c (Fig. 1a). The tarantula
hemocyanin contains 148 tryptophans and 24 active sites
(Voit et al. 2000). Depending on the subunit type, the
subunits contain five to eight tryptophans, with most of
them located close to the active site (Fig. 1b) (Boteva
et al. 1993). The 4·6-mer hemocyanin is composed of
four hexamers, which look very similar to the hexamer
structure of Limulus polyphemus subunit II hemocyanin
obtained by electron microscopy (Van Heel and
Dube 1994). In addition, the close relationship between
the seven sequenced subunit types of the tarantula
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hemocyanin and subunit II of the horseshoe crab
hemocyanin is clear from the high sequence homology of
68–79% (Voit et al. 2000). The arrangement of the four
hexamers in the native 4·6-mer has been revealed by
electron microscopy (De Haas and Van Bruggen 1994).

The binding of oxygen to the active sites of hemo-
cyanins is characterized by two spectroscopic signals.
First, the two copper ions and the two oxygen atoms
form a ligand-to-metal charge transfer complex with an
absorption band at 340 nm and a molar extinction
coefficient of �m(340 nm)=20,000 M)1 cm)1 (Fig. 2)
(Salvato and Beltramini 1987; Magnus et al. 1994; Floyd
et al. 2001). A linear relationship between the oxygen
load and the absorption at 340 nm was shown by Richey
et al. (1983). As a second signal, strong quenching of the
intrinsic tryptophan fluorescence has been found

(Fig. 3), with a linear dependency on the absorption at
340 nm (Shaklai and Daniel 1970; Loewe 1978). Thus,
both the absorption and the fluorescence quenching can
be used to monitor the oxygen load of hemocyanins.

The reason for the fluorescence quenching upon
oxygen binding was investigated for molluscan hemo-
cyanins and discussed controversially. Shaklai and
Daniel (1970, 1972) assumed fluorescence resonance
energy transfer between the tryptophans and the active
sites. The tryptophans should act as donors, radiation-
lessly transferring their excitation energy to the oxy-
genated active sites. This idea was supported by the fact
that, for hemocyanin of the snail Levantina hierosolima,
the absorption band around 340 nm and the tryptophan
fluorescence with a maximum at 336 nm had a large
overlap, a condition necessary for Förster transfer (see
below). Their calculated Förster radius of R0=3.0 nm

Fig. 2 Absorption spectra of 4·6-mer tarantula hemocyanin.
Measurements were performed with hemocyanin at a concentration
of c=0.44 mg/mL in 100 mM Tris buffer, pH 7.8, containing
5 mM CaCl2 and 5 mM MgCl2, at 20 �C: oxygenated (solid line),
deoxygenated (dotted line)

Fig. 1a, b Structure of Eurypelma californicum hemocyanin.
(a) Quarternary structure. The 4·6-mer tarantula hemocyanin is
composed of seven different subunit types (a–g) (Markl et al. 1981).
Each subunit contains one active site. The 24 subunits are arranged
in four hexamers. Each hexamer comprises subunits a, d, e, f, g and
either subunit b or c. The two hexamers containing subunits b and c
form a dodecamer. Two of these 12-mers associate to form the
native protein [figure adapted from Savel-Niemann et al. (1988)].
(b) Subunit g. For illustration, the sequence of Eurypelma
hemocyanin subunit g was modeled on the X-ray structure of
deoxygenated Limulus polyphemus hemocyanin subunit II (Voit
et al. 2000). The backbone of the protein is shown in grey, the two
copper ions of the active site and the eight tryptophans are shown
in black. The numbering of the eight tryptophan residues
corresponds to the sequence of subunit II of the Limulus
polyphemus hemocyanin (Magnus et al. 1994)

Fig. 3 Fluorescence emission spectra of 4·6-mer tarantula hemo-
cyanin. Measurements were performed with hemocyanin at a
concentration of c=0.1 mg/mL in 100 mM Tris buffer, pH 7.8,
containing 5 mM CaCl2 and 5 mM MgCl2, at 20 �C: oxygenated
(solid line), deoxygenated (dotted line). The fluorescence of the
intrinsic tryptophans was excited at a wavelength of kex=295 nm
with a bandwidth of 5 nm. All spectra were corrected both for
excitation and emission
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appeared to be compatible with this mechanism, but a
more detailed analysis of the observed efficiency of
quenching in terms of this transfer was not possible
because of missing structural data at that time. The
investigations of Ricchelli et al. (1987) were interpreted
as disproving this hypothesis. They analysed the fluo-
rescence quenching of Octopus vulgaris hemocyanin for
three different ligands bound to the active site, and
concluded that a process other than Förster transfer
must be responsible for at least some of the oxygen-
dependent quenching. However, we will show that their
conclusions were not correct.

The study reported here shows, at atomic level reso-
lution, that Förster transfer is responsible for the oxy-
gen-dependent quenching of the tryptophan
fluorescence. The tryptophans are indeed able to transfer
their energy to the oxygenated active sites. The multi-
donor multi-acceptor quenching has been computed
making use of the X-ray structure and the results com-
pare very well with the measured values.

Material and methods

Hemocyanin preparation

Hemolymph of the tarantula Eurypelma californicum was obtained
by dorsal puncture of the heart. All samples were diluted imme-
diately 1:2 (v/v) with 0.1 M Tris/HCl buffer, pH 7.8, containing
5 mM CaCl2 and 5 mM MgCl2 in order to stabilize the protein.
The samples were then centrifuged for 30 min at 13,000·g to re-
move blood cells. The hemocyanin was purified by gel filtration
(Biogel A5m; 0.1 M Tris/HCl buffer, pH 7.8, containing 5 mM
CaCl2, 5 mM MgCl2, at 20 �C). The large leading peak contained
purified 4·6-mer hemocyanin, as supported by UV spectroscopy
and two-dimensional immuno-gel electrophoresis.

Tarantula hemocyanin has an oxygen partial pressure at half
saturation of p50=12 Torr; thus in air (pO2=160 Torr) it is fully
oxygenated. For deoxygenation, the hemocyanin solution was
spread on a watch-glass and incubated for 1.5 h in a nitrogen
atmosphere (Atmosbag, Sigma). The oxygen partial pressure of
pO2=2.3 Torr attained was low enough to obtain effectively
complete deoxygenation in this highly cooperative oxygen-binding
protein (Loewe 1978). Successful deoxygenation was tested by the
absence of the absorption band at 340 nm (Fig. 2).

Absorption and fluorescence measurements

Hemocyanin absorption was measured in a semi-micro cuvette with
a Hitachi U-3000 spectrophotometer, and the fluorescence with a
Hitachi F-4500 spectrofluorimeter. All fluorescence spectra were
corrected both for excitation and emission. The sample tempera-
ture was adjusted to 20 �C, if not otherwise indicated. To determine
the quantum yields, 1 mM tryptophan in Tris buffer, pH 7.0, was
chosen as the reference, with quantum yield FR=0.13 (Chen 1967).
This reference measurement alone was performed at 23 �C (Chen
1967). Emission spectra of hemocyanin and reference solutions
excited at a wavelength of 295 nm (bandwidth 5 nm) were mea-
sured (bandwidth 5 nm) at different concentrations in the range
between 0.025 mg/mL and 0.1 mg/mL in the case of hemocyanin
and in the range between 20 lM and 200 lM in the case of tryp-
tophan. For both samples there was a significant spectral overlap
between scattered excitation light and fluorescence. As a result, the
wavelength region below 305 nm of the emission spectra could not
accurately be determined. To approximate this region of the

spectra, the well-determined regions above 305 nm were each fitted
with two Gaussian functions and the short-wavelength region
extrapolated from there. The final spectra were integrated, stan-
dardized to their absorbance at 295 nm (A295) and corrected for the
inner filter effect at the excitation wavelength (Lakowicz 1999):

F kð Þ ¼ Fmeasured kð Þ � 10
Abs295

2 ð1Þ
The inner filter effect at the emission wavelength was negligible

because of the much lower absorption due to the shorter light path
in observation (1 mm). Based on the corrected spectra F(k), the
quantum yields (F) were calculated from the integrated spectra
F according to: F/FR=F/FR.

The overlap integral was calculated with Eq. (2), below, based
on the final emission spectrum of deoxygenated hemocyanin (see
above) and the absorption spectrum of the oxygenated active sites
around 340 nm. To take into account of the overlap between the
absorption band of the protein around 280 nm and that of the
active sites at 340 nm (Fig. 2), the 340 nm band was fitted with a
single Gaussian function in the range 305–500 nm and the spectra
at shorter wavelengths extrapolated from that. The fitted
absorption spectrum was transferred into a spectrum of the molar
extinction coefficient �m(k) using the Lambert–Beer law:
A(k)=�m(k)·c·d, where c is the molar concentration of solute
and d the pathlength. The hemocyanin concentration was deter-
mined using an extinction coefficient at 278 nm of
�(278 nm)=1.1 (mg/mL cm))1 (Loewe 1978) and a molar mass of
1.72·106 g/mol for the 4·6-mer (Voit et al. 2000), containing
24 oxygen binding sites.

Distances between the tryptophans and the active sites

The distances (rij) between the tryptophans and the active sites
within the hemocyanin of Eurypelma californicum were determined
on the basis of the X-ray structure of oxygenated subunit II of
Limulus polyphemus hemocyanin (Protein Data Bank, http://
www.rcsb.org/pdb/cgi/explore.cgi?pid=23641069670174&page=
0&pdbId=1OXY) (Magnus et al. 1994). The sequence alignment
was taken from Voit et al. (2000) to determine the homologous
positions of tryptophans in Limulus polyphemus hemocyanin. For
tryptophan residues which were not conserved, the amino acids of
the homologous positions were used. The distances between the Cd2
positions of the tryptophans and the center between the two copper
atoms of the active site were measured. The arrangement of the
four hexamers in the native 4·6-mer was taken as that solved by
electron microscopy (De Haas and Van Bruggen 1994) and later
modified for oxygenated tarantula hemocyanin by SAXS mea-
surements (Decker et al. 1996; Hartmann and Decker 2002). For
calculating the fluorescence quenching within the 4·6-mer, the
distances between every 148 tryptophans and each of the 24 active
sites were considered.

Theory

Förster energy transfer

Excited dyes (donors) may transfer their energy radiationlessly to
an adjacent chromophore (acceptor) (Förster 1948). For transfer
processes of this type, an overlap between the emission spectrum of
the donor and the absorption spectrum of the acceptor is necessary.
The amount of overlap is expressed by the overlap integral
J (nm4 M)1 cm)1) (Fairclough and Cantor 1978; Stryer 1978; Van
der Meer et al. 1994):

J ¼
R

F kð Þem kð Þk4dk
R

F kð Þdk
ð2Þ

where F(k) is the fluorescence intensity of the donor in absence of
the acceptor per unit wavelength interval at wavelength k, and
�m(k) the molar extinction coefficient (M)1 cm)1) of the acceptor at
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wavelength k. Förster transfer is based on a dipole–dipole coupling
mechanism which is strongly distance dependent. The proportion
of excited donors transferring their energy to an acceptor is given
by the transfer efficiency E:

E ¼ R6
0

R6
0 þ r6

ð3Þ

where r is the distance between donor and acceptor and R0 (nm) is
the distance where half of the excited molecules relax into the
ground state via Förster transfer. This critical or Förster distance
can be calculated by (Van der Meer et al. 1994):

R6
0 ¼ 8:79� 10�11 ðnm2 M cmÞ � U0Jj2

n4
ð4Þ

Here, F0 is the quantum yield in the absence of Förster transfer
and n the refractive index of the medium between donor
and acceptor. j2 is the orientation factor, describing the relative
orientation of the transition dipole moments of the donor and the
acceptor.

Multi-donor multi-acceptor systems

The quantum yield F0 of a single fluorophore in absence of a
Förster transfer acceptor is given by:

U0 ¼
kF

kF þ kR
ð5Þ

where kF and kR are the rate constants of fluorescence emission and
of all other processes, respectively, which are responsible for the
depopulation of the excited state. In the event of an additional
quenching process with rate constant kQ, the quantum yield has the
form:

U ¼ kF
kF þ kR þ kQ

¼ 1
1
U0
þ kQ

kF

ð6Þ

In the case of Förster transfer, the quenching constant rate kQ
can be written as (e.g., Lakowicz 1999):

kQ ¼
1

s0

R0

r

� �6

ð7Þ

Here, R0 is the Förster distance given by Eq. (4), r the distance
between donor and acceptor, and s0 the excited state lifetime of the
donor in the absence of the acceptor:

s0 ¼
1

kF þ kR
ð8Þ

From the Eqs. (7), (8) and (5) one obtains:

kQ
kF
¼ 1

U0

R0

r

� �6

ð9Þ

and the quantum yield of a fluorophore quenched by Förster
transfer (Eq. 6) becomes:

U ¼ U0

1þ R0

r

� �6 ð10Þ

For a system of D otherwise equivalent donors with different
distances ri to a single acceptor this becomes:

U ¼ 1

D

XD

i¼1
Ui ¼

1

D

XD

i¼1

U0

1þ R0

ri

� �6 ð11Þ

In contrast, when the system consists of a single donor and A
acceptors with different constant rates kQj, Eq. (6) changes to:

U ¼ kF

kF þ kR þ
PA

j¼1
kQj

¼ 1

1
U0
þ
PA

j¼1

kQj

kF

ð12Þ

This equation describes the competition of different quenching
processes. Inserting Eq. (9) yields instead of Eq. (10) a quantum
yield of:

U ¼ U0

1þ
PA

j¼1

R0

rj

� �6 ð13Þ

where rj is the distance between the donor and the A different
acceptors. For the case that D donors are quenched by A acceptors,
we obtain by inserting Eq. (13) in the middle term of Eq. (11):

U ¼ 1

D

XD

i¼1

U0

1þ
PA

j¼1

R0

rij

� �6 ð14Þ

where rij is the distance between the donor i and the acceptor j. This
derivation is based on the assumptions (1) that each and every
donor has identical spectroscopic properties in absence of the ac-
ceptors, themselves having identical absorption properties, so that
R0 is the same for any donor, and (2) that only the occurrence of
fluorescence resonance energy transfer (FRET) affects these prop-
erties in the presence of acceptors, i.e. the only parameters changed
in presence of the acceptors being the donor lifetimes and, due to
that, their quantum yields. There was previously a similar deriva-
tion by Dewey and Hammes (1980) for distributions of donors and
acceptors on surfaces.

The degree of quenching, expressed by the transfer efficiency
E, is given by (e.g., Lakowicz 1999):

E ¼ 1� U
U0
¼ 1� I

I0
ð15Þ

where I and I0 are the donor fluorescence intensities measured on
the same sample fully oxygenated and fully deoxygenated, respec-
tively.

Error propagation

In order to estimate the confidence interval of the calculated
transfer efficiencies, one has to know the error range. For this the
error propagation was applied for the multi-donor multi-acceptor
case. In the middle term of Eq. (15), which is used for the calcu-
lations, the quantities F0, J, j2, n and rij are all afflicted with errors
(after inserting Eqs. 14 and 4). For an error estimation, one needs
the partial derivatives of E with respect to these quantities:

1. Quantum yield:

@E
@U0
¼ 1

D

XD

i¼1

1
U0

PA

j¼1

R6
0

r6ij

1þ
PA

j¼1

R6
0

r6ij

 !2
ð16Þ

2. Overlap integral:

@E
@J
¼ 1

D

XD

i¼1

1
J

PA

j¼1

R6
0

r6ij

1þ
PA

j¼1

R6
0

r6ij

 !2
ð17Þ
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3. Orientation factor:

@E
@j2
¼ 1

D

XD

i¼1

1
j2

PA

j¼1

R6
0

r6ij

1þ
PA

j¼1

R6
0

r6ij

 !2
ð18Þ

4. Refractive index:

@E
@n
¼ 1

D

XD

i¼1

� 4
n

PA

j¼1

R6
0

r6ij

1þ
PA

j¼1

R6
0

r6ij

 !2
ð19Þ

5. Distances:

@E
@r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XD

i¼1

XA

j¼1

@E
@rij

� �2

vu
u
t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XD

i¼1

XA

j¼1

� 6
D

R6
0

r7ij

1þ R6
0

r6ij

� �2

0

B
B
B
@

1

C
C
C
A

2
vu
u
u
u
u
u
t

ð20Þ

The total error of the transfer efficiency E is given according to
Gauss.

Results and discussion

Measurements

Absorbance and fluorescence emission spectra were ob-
tained from oxygenated and deoxygenated 4·6-mer
hemocyanin of the tarantula Eurypelma californicum
(Figs. 2 and 3). The oxygen binding is accompanied by
the appearance of an absorption band in the spectral
region around 340 nm (Fig. 2) and a strong decrease of
the fluorescence quantum yield (Fig. 3). The fluores-
cence quantum yields of the two forms were determined
as F0=0.0727±0.0073 (±10%) for deoxygenated
hemocyanin and F=0.0055±0.0008 (±15%) for oxy-
genated hemocyanin. Hence, the quantum yield drops
by a factor of about 13. Deoxygenated hemocyanin has
a lower relative error than oxygenated hemocyanin,
because the intensity is 13· higher and therefore it could
be determined more accurately. The measured quantum
yields are in good agreement with those reported pre-
viously: Boteva et al. (1993) determined values of
Fdeoxy=0.065 and Foxy=0.006, respectively. The dif-
ferences between both studies are within the error range.

The maximum of the fluorescence emission spectrum
of deoxygenated hemocyanin (340 nm, Fig. 3) coincides
with the maximum of the oxygen-dependent absorption
band of oxygenated hemocyanin (Fig. 2). In conse-
quence, there is a strong overlap between the tryptophan

fluorescence and the absorption band, making fluores-
cence quenching due to Förster transfer very probable.
Nevertheless, the mechanism for the fluorescence
quenching of hemocyanins upon oxygenation is still
unclear.

Assuming FRET as the exclusive quenching mecha-
nism, the measured results presented in this study cor-
respond to a transfer efficiency of E=0.9243±0.0101
(Eq. 15). The relative error of E (DE/E=1.1%) is much
smaller than the errors of the individual quantum yields
(10% for deoxygenated and 15% for oxygenated
hemocyanin) because of the strong quenching and be-
cause it does not contain the uncertainty of the reference
(DF/F=8%; Chen 1967). The results of Boteva et al.
(1993) correspond to a transfer efficiency of E=0.908,
which is slightly smaller than that observed here.

Theoretical consideration of the quenching

The hypothesis that tryptophan quenching in the fully
oxygenated hemocyanin is entirely due to Förster
transfer was tested by calculating the transfer efficiency
and comparing it with the measured one (Eq. 15).
Hemocyanins contain many tryptophans which may
act as donors and many active sites acting as potential
acceptors. Therefore, describing the quantum yield by
Eq. (10) is not sufficient because it describes the
quenching of a single donor by a single acceptor. The
expansion for multi-donor multi-acceptor systems
which are quenched by Förster transfer is given by
Eq. (14). The individual distances rij between acceptors
and donors can be deduced from X-ray structures.
However, it is not possible to determine the Förster
distance R0 (the values of F0, J, j2 and n) for each
donor–acceptor pair. Therefore, it has been assumed
that these factors are identical for all donor–acceptor
pairs, so that the average of the quantum yield of all
donors in the quenched system can be represented by
Eq. (14). This assumption is supported by the fact that
tarantula hemocyanin contains 148 tryptophans and 24
active sites (Voit et al. 2000). There are 44 different
tryptophan types within the seven different subunit
types (Table 1). This means that there are 44·24=1056
different interactions between donors and acceptors.
These numbers appear large enough to justify an
ensemble approximation.

In principle, it should be possible to determine indi-
vidual orientation factors for each donor–acceptor pair
from the X-ray structure. The orientation of the transi-
tion dipole of an oxygenated active site is located on the
axis connecting the copper ions (personal communica-
tion of Prof. Dr. F. Tuczek, Institute for Inorganic
Chemistry, University of Kiel, Germany). However, to
our knowledge the orientation of the transition dipole
moment of tryptophan is not known. The orientation of
the transition dipole moment of indole has been pub-
lished by Callis (1997), who assumed that the orientation
of the transition dipole moment of tryptophan is located
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within a range of ±10� compared to that of indole. This
uncertainty results in a large error of the orientation
factor j2. The orientation factor is defined by (e.g., Van
der Meer et al. 1994):

j2 ¼ sind� sina� cos/� 2 cos d� cos að Þ2 ð21Þ

where d is the angle between the transition dipole mo-
ment of the donor and the connection between donor
and acceptor, a is the angle between the transition dipole
moment of the acceptor and the connection between
donor and acceptor, and / is the angle between the
planes determined by the connection vector and the
transition dipole moments of donor and acceptor.
Assuming arbitrary values of d=45�, a=45� and
/=45�, one obtains j2(d=a=/=45�)=0.418. Includ-
ing uncertainties of the three angles, Dd=10� (see
above), Da=2� and D/=2� (respecting differences be-
tween the structures of Eurypelma and Limulus hemo-
cyanin) results in the two extreme values of j2(d=35�,
a=43� and /=47�)=0.868 and j2(d=55�, a=47� and
/= 43�)=0.118, respectively. The deviations are quite
large: a factor of 2.1 (0.868/0.418) for the upper limit
and a factor of 3.5 (0.418/0.118) for the lower one.
Therefore, the determination of individual orientation
factors for every donor–acceptor pair would not increase
the accuracy of our calculation. The knowledge of the
orientation of the transition dipole moment of trypto-
phan is too uncertain for our purpose so far. Because of
that, we used the commonly used value of j2=2/3 as an
average for each donor–acceptor pair (Dos Remedios
and Moens 1995; Lakowicz 1999).

For the computation of the Förster radius R0 as a
global parameter, according to Eq. (4), knowledge of the
unquenched quantum yield F0, the overlap integral J,
the refractive index n and the orientation factor j2 is
necessary. The quantum yield of deoxygenated hemo-
cyanin was determined to be F0=0.0727 (see above).
The overlap integral was calculated, based on the
absorption and fluorescence spectra at different hemo-
cyanin concentrations (examples are shown in Figs. 2
and 3), using Eq. (2) and yielded a value of
J=1.72·1014 nm4 M)1 cm)1 (±7%). The error in J is
an estimation respecting uncertainties concerning the
knowledge of the molar extinction coefficient �(340 nm)
and our measurements. While the values of the quantum
yield F0 and the overlap integral J were determined
experimentally, the values for the orientation factor j2

(2/3, see above) and the refractive index n were taken
from the literature. For the refractive index a value of
n=1.4, commonly used for proteins, was applied (Van
der Meer et al. 1994). With these values, Eq. (4) yields a
Förster radius of R0=2.40±0.22 nm for the 4·6-mer
tarantula hemocyanin. This agrees well with the value
published for the molluscan hemocyanin from Octopus
vulgaris: R0=2.5 nm (Ricchelli et al. 1987). Shaklai and
Daniel (1970) published a larger Förster distance of
R0=3.0 nm for Levantina hierosolima hemocyanin.

Owing to the close relationship and high sequence
homology of arthropodan hemocyanins, the structure of
Limulus polyphemus hemocyanin (oxygenated form) was
used to determine the distances rij between the trypto-
phans and the active sites in the 4·6-mer hemocyanin of
Eurypelma californicum (Linzen et al. 1985; Hazes et al.

Table 1 Calculation of the quenching of tryptophan fluorescence
within the seven subunit types of the tarantula hemocyanin. The
numbering of the amino acids (column 2) corresponds to the
sequence of subunit II of the Limulus polyphemus hemocyanin
(Magnus et al. 1994). The asterisk (*) in column 2 indicates the
trpytophan residues which are not conserved in tarantula hemo-
cyanin with respect to theLimulushemocyanin subunit II. For
illustration, the distances between the tryptophans and the active
sites of the same subunit are listed in column 4. The distances
rj were determined on the basis of the X-ray structure of oxygen-
ated hemocyanin (subunit II) of Limulus polyphemus. The transfer
efficiencies E of each individual tryptophan (column 5) were
calculated with Eqs. (13) and (15) using R0=2.40 nm. Thus, the
transfer efficiencies listed in column 5 are attributed to the
quenching of every tryptophan by all active sites within the 4·6-
mer

Subunit Trp no. Atom Distance within
subunit, rj (nm)

Total transfer
efficiency, E

a 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
272* Sd 1.529 0.9385
326 Cd2 1.357 0.9686
538 Cd2 1.320 0.9731

b 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
184 Cd2 1.681 0.8951
326 Cd2 1.357 0.9686
363 Cd2 0.916 0.9969
538 Cd2 1.320 0.9731
612* Cd2 2.873 0.3133

c 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
184 Cd2 1.681 0.8955
272* Sd 1.529 0.9385
326 Cd2 1.357 0.9686
363 Cd2 0.916 0.9969
538 Cd2 1.320 0.9731

d 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
272* Sd 1.529 0.9385
326 Cd2 1.357 0.9686
366* Cd2 1.186 0.9857
538 Cd2 1.320 0.9731

e 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
184 Cd2 1.681 0.8947
272* Sd 1.529 0.9384
326 Cd2 1.357 0.9686
538 Cd2 1.320 0.9731

f 174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
184 Cd2 1.681 0.8948
272* Sd 1.529 0.9385
538 Cd2 1.320 0.9731

g 33* Cd 3.224 0.1555
174 Cd2 1.173 0.9865
176 Cd2 0.770 0.9989
184 Cd2 1.680 0.8947
272* Sd 1.529 0.9385
326 Cd2 1.357 0.9686
363 Cd2 0.916 0.9969
538 Cd2 1.320 0.9731
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1993; Voit et al. 2000; Burmester 2001). The distances
were measured between the Cd2 positions and the center
between the two copper atoms of the active site. The
amino acids of the homologous position were used for
tryptophan residues which were not conserved in
tarantula hemocyanin with respect to Limulus polyphe-
mus hemocyanin (labeled with an asterisk in Table 1,
column 2). The distances between the tryptophans and
the active site of the same subunit are listed in Table 1
(column 4). Because hemocyanins from arthropods form
well-defined tertiary and quarternary structures (Markl
and Decker 1992; Van Holde and Miller 1995), the
distances between the donors and acceptors within the
hemocyanin are considered constant, i.e. not to fluctuate
appreciably at any relevant time scale.

With these assumptions, Eq. (15) with Eqs. (14) and
(4) provides an average transfer efficiency of the quen-
ched (oxygenated) 4·6-mer hemocyanin of E=0.9359.
This is in extraordinarily good agreement with the
measured value of Emeasured=0.9243 (see above). In or-
der to validate the calculated transfer efficiencies, an
error propagation must be computed.

Error propagation

The total error of the calculated transfer efficiency E was
determined presuming the following errors in the start-
ing parameters: DF0/F0=10%, DJ/J=7%, Dn/n=5%
and Dr=0.02 nm. The error for the quantum yield is
rather high because of the uncertainty of the reference
used (DFR/FR=8%; Chen 1967). Because we were not
able to determine the orientation factor for individual
donor–acceptor pairs, as stated above, the error in the
average value of j2 could be quite high. Therefore, the
total error of E was calculated for different errors of
the orientation factor in the range of Dj2/j2=0–75%
(Table 2). The calculations show that even for large er-
rors of the orientation factor the error of the transfer
efficiency remains rather small (a few percent). Even
though very high values for the average orientation
factor were used, the computed transfer efficiency does
not change very much. For example, repeating the cal-
culation with a very large average orientation factor of
j2=3 because an error propagation is not possible in
that case, the transfer efficiency E just increases 4.0%
compared to E(j2=2/3)=0.9359. Consequently, the
uncertainty of j2 has a negligible influence on the
computed transfer efficiency. The computed transfer
efficiency of E=0.9359±0.0201 for Dj2/j2=50% fits
extraordinarily well the measured one, Emeasured=
0.9243±0.0136. This means that (1) the Förster transfer
fully explains the fluorescence quenching in oxygenated
tarantula hemocyanin, and (2) no other process is
necessary to explain the quenching.

The total error DE is composed of five uncertainties:
DF0=0.0036, DJ=0.0026, Dj2=0.0182 (assuming Dj2/
j2=50%), Dn=0.0073 and Dr=0.0004. Thus, DE is
dominated by the error in j2, the contribution of n is

minor and the contributions of F0, J and r can be ne-
glected.

Class distribution of the tryptophans

Because of the topological arrangement of the 4·6-mer
tarantula hemocyanin (Fig. 1), equal tryptophans within
different subunits of the same subunit type (a–g) are
quenched by the 24 active sites to the same degree. The
calculated transfer efficiencies of the tryptophans for all
seven subunit types are listed in Table 1 (column 5). All
tryptophans were quenched by more than 89%, except
for two tryptophans. These two tryptophans are located
in subunit b (Trp 612) and subunit g (Trp 33). Since
subunit b occurs twice in the 4·6-mer and subunit g four
times, there are only six tryptophans within the 4·6-mer
hemocyanin which are quenched significantly less. In
consequence, there are two classes of tryptophans con-
sisting of six and 142 residues, respectively. Based on the
calculation, the contribution of these six tryptophans to
the total quantum yield of the oxygenated hemocyanin is
(2·0.0499+4·0.0614)/148=0.0023 (transfer efficiencies
were taken from Table 1, quantum yields calculated
with Eq. 15). The calculated quantum yield of all 148
tryptophans within the oxygenated hemocyanin was
determined to be F=0.0047. Thus, the six weakly
quenched tryptophans account for 50% of the total
fluorescence intensity of the oxygenated 4·6-mer.

Comparison with former studies

In the past, three groups have dealt with the origin of
fluorescence quenching in oxygenated hemocyanins.
While Shaklai and Daniel (1970, 1972) assumed Förster
transfer to be responsible for the quenching, the details
could not be clarified because of the lack of a high-
resolution three-dimensional structure for hemocyanins
at that time. On the other hand, Ricchelli et al. (1987)
published results which were interpreted as ruling out
Förster transfer as the reason for fluorescence quenching

Table 2 Total error of the calculated transfer efficiency E in depen-
dance on the error in the orientation factorj2. The error inE (column
2), calculated according to Gauss with Eqs. (16 )–(20), contains the
uncertainties for F0 (10%), J(7%), j2 (column 1), n (5%) and rij
(0.02 nm). For computation the values R0=2.40 nm, F0=0.0727,
J=1.72·1014 nm4 M)1 cm)1, j2=2/3 and n=1.4 were used. The
distances rij between the 148 donors and the 24 acceptors were
determined on the basis of the X-ray structure of oxygenated
hemocyanin (subunit II) of Limulus polyphemus

Error in the orientation
factor Dj2(%)

Total error in the
transfer efficiency DE (%)

0 0.9
25 1.3
50 2.2
75 3.1
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in oxygenated hemocyanins. The later study of Boteva
et al. (1993) on the fluorescence properties of hemocy-
anin from the tarantula Eurypelma californicum based its
analysis on the statements made by Ricchelli et al.
(1987), thereby assuming the same conclusions.

Ricchelli et al. (1987) investigated the molluscan
hemocyanin of the squid Octopus vulgaris. They com-
pared the fluorescence quenching elicited by three dif-
ferent ligands bound to the active site: O2, CO and ANS
(1-anilino-8-naphthalenesulfonate). For each of the li-
gands there was an overlap between the absorption
spectrum of the occupied active sites and the fluores-
cence emission spectrum of the tryptophans. For this
reason, Förster transfer should be possible in the case of
all three ligands. Their calculated Förster distances R0

and transfer efficiencies E for each ligand, computed
with Eqs. (4) and (15, term on the right), respectively,
are shown in Table 3 (columns 2 and 3). The results were
used by them to compute an ‘‘average’’ donor–acceptor
distance r from an inverted form of Eq. (3):

r ¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffi
1

E
� 1

6

r

ð22Þ

These distances r should be a substitute for all donor–
acceptor distances within the hemocyanin for each li-
gand (Table 3, column 4). These averages were identical
for CO and ANS but for O2 a much larger distance was
obtained. Ricchelli et al. (1987) concluded that the
quenching mechanism must be the same for the CO and
ANS adduct and must be Förster transfer, but different
for the O2 complex.

The conclusions of Ricchelli et al. can be con-
tradicted, based on a constructed model system. We
assume a well-defined system with fixed donor–acceptor
distances. The system may be quenched by Förster
transfer. We compare the quenching in the case of two
different Förster distances (R0=1.5 nm and 2.5 nm,
respectively). Our model system consists of five donors
and one acceptor. The distances between the donors and
the acceptor may have values of 0.5, 1, 1.5, 2 and
2.5 nm. The quenching of the donors due to Förster
transfer can be calculated with Eqs. (11) and (15),
yielding an averaged quantum yield and transfer effi-
ciency, respectively, for the model system (Table 4).
Based on these calculations, we continued according to

the procedure of Ricchelli et al.; the distance r was cal-
culated with Eq. (22). The results are shown in Table 4.
Application of equation (22) for both model systems
yields different results, even though the donor–acceptor
distances are equal in both cases. In consequence, the
distance r depends on the Förster distance R0 of the
system. Thus, the ‘‘average’’ distance r cannot be used as
a substitute for all donor–acceptor distances within
hemocyanin. An interpretation of different r distances
for different Förster distances R0 (due to different li-
gands) is not straightforward. In consequence, CO can
be removed compared to the other two ligands, because
it has much smaller Förster distance (Table 3). O2 and
ANS should be more or less comparable because the R0

values are similar (Table 3). Nevertheless, there are dif-
ferences in the transfer efficiencies E and distances
r calculated by Ricchelli et al. This may be a conse-
quence of the modification made in the case of ANS
bound to hemocyanin: the copper ions were removed
(producing apo-hemocyanin) before adding ANS, be-
cause the ligand is much more bulky than O2 or CO.
Apparently this modification of the hemocyanin had
greater side effects than expected.

It seems to be coincidence that the quenching of
Octopus hemocyanin by ANS (E=0.95, Table 3) and
Eurypelma hemocyanin by O2 (E=0.92) is almost iden-
tical. Both hemocyanins (mollusc and arthropod
hemocyanin) have same active sites; however, they are
different proteins with completely different primary,
secondary, tertiary and quarternary structures. The
number of donors (Trp) and acceptors (active sites) as
well as their distances are different in arthropod and
mollusc hemocyanin, according to the structures known
so far (Volbeda and Hol 1989; Hazes et al. 1993; Mag-
nus et al. 1994; Cuff et al. 1998; Perbandt et al. 2003).
Thus, there is no obvious reason why the quenching in
two completely different hemocyanins should be equal.

Table 4 The fluorescence quenching of a model system as a func-
tion of the Förster radius, R0. The model system consists of five
donors and one acceptor which quenches the donors by Förster
transfer. The donor–acceptor distances selected were 0.5, 1, 1.5, 2
and 2.5 nm. The quantum yield Fcalc was calculated with Eq. (11)
for two different Förster radii (1.5 nm and 2.5 nm, respectively).
The transfer efficiencyE and the ‘‘average’’ distance r were com-
puted in accordance with Ricchelli et al. (1987) using Eqs. (15) and
(22), respectively

Model system Small Förster
distance, R0

Large Förster
distance, R0

Starting parameters
Number of acceptors, A 1 1
Number of donors, D 5 5
Unquenched quantum yield, F0 0.5 0.5
Förster distance, R0(nm) 1.5 2.5

Theoretical consideration
Quantum yield, Fcalc 0.2386 0.0756
Transfer efficiency, E 0.5227 0.8487

Analog to Ricchelli et al. (1987)
‘‘Average’’ distance r (nm) 1.48 1.88

Table 3 Results of Ricchelli et al. (1987). Tryptophan fluorescence
of the hemocyanin of Octopus vulgaris was measured as a function
of the saturation binding of three different ligands to the active site:
oxygen (O2), carbon monoxide (CO) and 1-anilino-8-naphtha-
lenesulfonic acid (ANS). On the basis of their spectroscopic data,
they calculated an average Förster distance R0, an average transfer
efficiency E, and an average distance r, as described in the text

Ligand Förster
distance, R0 (nm)

Transfer
efficiency, E

‘‘Average’’
distance r (nm)

O2 2.5 0.67 2.2
CO 1.5 0.43 1.5
ANS 2.4 0.95 1.5
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Conclusions

The paper gives a quantitative description of FRET in
multi-donor multi-acceptor systems, e.g. in proteins
containing more than one donor and more than one
acceptor. In particular, this is shown for tarantula
hemocyanin. This large respiratory protein contains 24
active sites acting as acceptors when oxygenated. It
could be shown on an atomic level that the oxygenated
active sites quench the fluorescence of the 148 intrinsic
tryptophans by Förster transfer. The analysis shows
that there are two classes of tryptophans within
tarantula hemocyanin, consisting of 142 and six resi-
dues, respectively. The former class is quenched by
more than 89% in the oxygenated state. The second
class is quenched by less than 31%, responsible for half
of the fluorescence intensity elicited of oxygenated
tarantula hemocyanin. The change in the fluorescence
quantum yield, although not understood, has been used
for more than 20 years to investigate the cooperative
oxygen binding behaviour of hemocyanins (Loewe
1978). Our results explain for the first time, on a
molecular basis, why fluorescence quantum yield can be
used as an intrinsic signal for the oxygen load of
tarantula hemocyanin. A former study of Ricchelli
et al. (1987), which seems to be in contradiction with
this statement, could be disproved.
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