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Abstract: The functional unit KLH2-c, isolated from the structural subunit KLH2 of keyhole limpet Megathura
crenulata hemocyanin, was studied to explain the effect of the oligosaccharide component for the
conformational stability of the protein. The properties of this FU were characterized by fluorescence
spectroscopy, combined with fluorescence quenching studies, using acrylamide, caesium chloride and
potassium iodide as tryptophan quenchers. Using circular dichroism and fluorescence spectroscopy, the
thermostability of the non-glycosylated FU KLH2-c was studied in comparison to the glycosylated native
molecule, the structural subunits KLH1, KLH2 and the FU RvH1-a of Rapana venosa He. The melting T,,(45°C)
as well as the critical temperatures T, (46) were found to be less for KLH2-c compared to the glycosylated forms
which could be explained to be caused by the presence of oligosaccharide side chains and aggregation effects.
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INTRODUCTION

Hemocyanins (Hcs) are oxygen carriers and
storage proteins of several species of molluscs and
arthropods [1 - 3]. Their active site, positioned within
hydrophobic pockets and shielded from external media,
is of a binuclear-coupled type with copper ions, directly
bound to six histidine nitrogens of the protein chain to
which oxygen is bound reversibly [4].

The X-ray crystallographic studies of the functional
unit (FU) from the molluscan hemocyanin of Octopus
dofleini [5] have elicited a detailed picture from the
proteinxs active site.

Keyhole limpet hemocyanin (KLH) is widely used
in research and clinical studies. One present field of
application is, for example, immunotherapy of bladder
cancer [6 - 9], based on the assumed expression of
Gal(B1-3)GalNAc determinants as cross-reacting
epitopes [10]. Its potential application in anticancer
therapy is under present investigation [11-13].

It is generally accepted that the oligosaccharide
constituents of KLH are of prime significance for its
antigenicity and biomedical properties and the
carbohydrate structure of this glycoprotein. KLH is very
heterogeneously glycosylated carrying preponderantly

high mannose-type glycans with 5-7 mannosyl hybrid-
type species with five mannose residues and one N-
acetyllactosamine chain. As a unique feature, the latter
glycans carry, in part, a Gal(31-6)Man determinant which
has not been found in glycoprotein-N-glycans so far [14].
The present study further demonstrated the presence of
a novel type of N-glycan exhibiting a Gal(31-4)Fuc(cc1-6)-
or Gal(31-4)Gal(B1-4)Fuc(et1-6)- core modification [15].

For this reason, the hemocyanin of the Californian
giant keyhole limpet Megathura crenulata is well
studied concerning the subunit structure, the number
and arrangement of Fus, as well as the dissociation
and reassembly behavior of both KLH isoforms [16 - 18].
KLHI1 apparently exists as a stable dodecamer with
random clusters of didecamers [18, 19]. The quaternary
structure of the KLHI didecamer has been provided
from electron micrographs as well as the organization of
FU of both KLH subunits, but little is known regarding
its physical properties [20].

In the present study, we want to present some
physical properties and the thermal stability of one
non-glycosylated FU from keyhole limpet hemocyanin,
KLH2-c, in comparison with glycosylated structural
subunits, the native KLH and hemocyanins from other
molluscan species.
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MATHERIALS AND METHODS

Isolation of FU KLH2-c¢c from keyhole limpet
hemocyanin: KLH was obtained from Biosyn
(Fellbach, Germany) with a protein concentration of
6.9 mg mL™" in Tris/HCI buffer, pH 7.4. The sample was
dialysed for 24 h against 0.1 M Tris/HCI buffer, pH 6.5,
containing 1 mM CacCl, and 0.5 mM MgCl,.

The structural subunit KLH2 and FU KLH2-c
were purified as described [20, 21]. Purity control and
identification of the isolated functional unit KLH2-c were
performed using SDS-PAGE (7.5% gel) and N-terminal
sequence analysis.

Apo-Hc was prepared after 48 h dialysis of the
native protein against 50 mM Tris-HCI buffer containing
20 mM EDTA and 20 mM KCN, pH 8.0, at 4°C. The
fraction of oxy-Hc was determined spectrophotometrically
by measuring the absorbance ratio at 340 and 278 nm
and assuming the values A340/A278 = 0.21 for the native,
fully oxygenated proteins [2].

Spectroscopic methods: UV measurements: Absorption
spectra were recorded with an Uvicon recording
spectrophotometer. The concentrations were determined
spectrophotometrically at 278 nm using as coefficient
E = 142 mL mg™' cm™. Molar concentrations were
referred to 50 kDa as molecular mass for the species
containing one binuclear copper site [2].

Fluorescence measurements: Fluorescence
measurements were performed with a Perkin Elmer model
LS 5 spectrofluorimeter, equipped with a thermostatically
controlled assembly and a data station model 3600. The
excitation wavelength was 295 nm and emitted light
intensity was integrated over the period of 1 s and
detected at 295-450 nm.

Fluorescence quantum yields were determined by the
following equation [22]:

Q= Qu(F/A) (A F) (A /A )
where, Q,, F, and A, are the emission quantum yield,
the emission intensity at wavelength A and the
absorbance at the excitation wavelength, respectively, for
the protein sample; Q,, F, and A, are the same parameters
for the reference standard. N-acetyltryptophanamide
(Ac-Trp-NH,) with a quantum yield of 0.13 was chosen as
a standard [23]. The efficiency e of the tyrosine-to-
tryptophan energy transfer was calculated using the
relationship [24]:
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where, Q is the fluorescence quantum yield of the
protein sample at the excitation wavelength, Q,, is the
fluorescence quantum yield of the tryptophyl residues in
the protein molecule after excitation at 300 nm and f(A)
and fr, () are the fractional absorption of tryptophan and
tyrosine, respectively, at the excitation wavelength A
calculated from their molar ratio in the protein.

The results of the quenching reactions between the
excited tryptophyl side chains and acrylamide were
analyzed according to the Stern-Volmer equation [23]:

Fo/F=1+K,[X] 3)
where, F, and F are the fluorescence intensities at an
appropriate emission wavelength in the absence and
presence of quencher, K, is the quenching constant and
[X] the quencher concentration. The inner filter effect due
to acrylamide was corrected by the factor:

Y = antilog (Abs,, + AbSs ) / 2 4)
where, Abs,,. and Abs,,, are the absorbances at the
excitation and emission wavelength, respectively.

CD measurements: Circular dichroism was measured with
a Jasco J-720 dichrograph, equipped with a personal
computer IBM PC-AT, PS/2, multiscan monitor CMS-3436
and a Hewlett-Packard color graphics plotter model HP
7475A. A software DOS version was used for calculation
of the CD data. Protein solutions in 50 mM Tris/HCI
buffer, 10 mM CaCl,, pH 8.0 were thermostatically
controlled using a NESLAB thermostat model RTE-110,
connected with a digital programming controller. The
temperature inside the cuvette was monitored with a
thermocouple.

Temperature stability: The temperature dependence of
the Hc fluorescence was determined at pH 8.0 in 0.05 M
Tris/HCI, 10 mM CaCl, buffer. 0.2 mg of the samples were
kept for 10 min at the desired temperature prior to the
measurement, to ensure the attainment of thermal
equilibration. The critical temperature (Tc) and melting
temperature (Tm) values were calculated from the circular
dichroism or fluorescence spectroscopy data.

RESULTS AND DISCUSSION

Isolation of FU KLH2-c: The structural subunits KLH1
and KLH2 were isolated as described previously [20].
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Fig. 1: Native PAGelectrophoresis (10% gel) of native
hemocyanin and its subunits: Lane 1 - standard
sample; lane 2 - FU KLH2-c; lane 3 - tryptic
digestion of KLH2

The electrophoretically pure functional unit KLH2-c was
isolated from the structural subunit KLH2 as described
by Shuetz et al. [20]. The purity of KLH2-c was checked
on 10% gel which shows only one fraction with a
molecular mass of about 45 kDa (Fig. 1, lane 2).

Fluorescence properties: The properties of FU KLH2-c
were characterized using the very sensitive method of
fluorescence spectroscopy and the results were compared
with those from the structural subunits KLH1 and KLH2
as well as with the functional unit RvH]1-a, isolated from
Rapana venosa hemocyanin (renamed from Rapana
thomasiana) [5]. Fluorescence parameters of KLH2-c
show that after excitation at 280 nm, where phenol and

indole groups absorb, or at 295 nm, where at last 93% of
the incident light is absorbed by the tryptophyl residues,
oxy-KLH2-c exhibits an emission spectrum with a
maximum (A,,) at 335.5+1 (Table 1) which is typical
for “buried”“ tryptophyl side chains in a non-polar
environment. These results are in agreement with those
found for the native molecule, its subunits KLH1, KLH2
and FU RvH1-a with A, values of 330.5+1, 336+1, 335+1
and 331 nm, respectively [20]. The wavelength of emission
maximum increases by 1-2 nm comparing the oxy- with the
apo-Hc, suggesting that the removal of copper and
peroxide slightly change the environment of the
tryptophan residues. In addition, the quantum yield
increased slightly (from Q,,,. = 0.046 to Q,,, = 0.075) which
could be explained by the longer distances between Cu
ions and the Trp residues influence including slightly
on the copper-peroxide complex. Figure 2 shows the
positions of Trp residues which are located within long
distance from the active site of Octopus deflieni FU Odg.
These results fit very well to the published results for
the whole molecule, structural subunits KLH1 and KLH2
and FU RvHI1-a (Q,,,. = 0.036; Q,,, = 0.068; Q,,,. = 0.042;
Q.po. = 0.070; Q,,,. =0.060; Q,,, =0.074; Q. =0.051;
Q.po. = 0.072, respectively) (Table 1). This effect is more
evident in the case of oxy-forms, probably because the
copper-peroxide complex of oxy-Hc quenches selectively
buried tryptophan residues. It can be concluded that the
fluorescence emission of both, oxy- and apo-forms of
native KLH, its structural subunits and FU KLH2-c are
dominated by deeply buried tryptophyl side chains.

This conclusion is further supported by quenching
experiments with neutral and ionic quenchers. Fluorescent
quenching reactions have been widely used for studying
the degree of exposure and environment of aromatic
amino acid residues. The fluorescent quenching
experiments were performed in 50 mM Tris/HCI buffer,
10 mM CaCl,, pH 8.0 with different concentrations of

Table 1: Fluorescence parameters of FUs KLH2-c and RvH]1-a, whole molecule KLH and its structural subunits

Emission Tyr to trp Acrylamide CsCl
Amax [nm] Quantum energy quenching KI quenching quenching E
Species Excitation at 295 nm __yield (Q) transfer e (%) KsvM™) Kgv-(M™H Kgyt(M™h) (Kgy-/Kgyt)
Native  oxy- 330+1 0.036 65 2.28 1.30 0.880 1.47
KLH apo- 332+1 0.068
KLH1  oxy- 336+1 0.042 25 3.39 1.25 0.709 1.76
apo- 338+1 0.070
KLH2  oxy- 335+1 0.060 40 3.01 1.10 0.500 2.20
apo- 336+1 0.074
KLH2-¢c oxy- 335+1 0.046 43 3.59 1.35 0.920 1.70
apo- 337+1 0.075
RtHI-a oxy- 33141 0.051 23 5.01 2.40 1.200 2.00
apo- 333+1 0.072
Ac-Trp-NH2 350+1 0.130 1.25 16.33 8.80 2.000 4.40
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Distances between CuA/CuB and Trp residues in FU Odg from Octopus deflieni hemocyanin (to atoms CZ) in A°

Trps 74 98 100 191 222 226 360
CuA 792 11.02 10.60 13.84 1232 1724 13.14
CuB 533 1421 12.07 16.68 12.78 18.62 10.24

Fig. 2: X-ray model of FU Odg. Distances between CuA/CuB and Trp residues in FU Odg from Octopus deflieni

hemocyanin (to atoms CZ) in A°

acrylamide. Acrylamide is an efficient neutral quencher of
tryptophan fluorescence and the discrimination between
“buried” and “exposed” residues can be based on the
values of the Stern-Volmer quenching constant (Kg,) of
Eq. (3). The Stern-Volmer quenching plots (Fig. 3),
described by Eq. (3), for the different samples are linear,
allowing to determine single K, constants (values are
given in Table 1).

Two classes of "buried" fluorophores can be
considered to be responsible for the Hc fluorescence:
first, Trp residues localized very close to the active site
pocket and second, Trp moieties involved in inter-
subunits contacts. From the X-ray structure of Odg FU
it becomes obvious that the Trp residues are "buried" in
the molecule which is confirmed by results Fig. 2. The
quenching efficiencies Kg, 2.28, 3.01 and 3.39 M,
calculated for oxy- native KLH and its structural subunits
KLH1 and KLH2 respectively, are very low compared
to Kgy = 16.33 M™' of tryptophan in aqueous solution
and indicate that the tryptophyl side chains are deeply
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buried in hydrophobic regions of the hemocyanin
aggregates. The K, values of the FUs KLH2-c and
RvHI1-a (Table 1, Kg, = 3.59 and 5.01 M, respectively),
are larger compared to the K, of the native hemocyanin
(2.28 M™") and we suggest that the tryptophyl side
chains in oligomeric subunits as well as in the native
molecule are similarly "buried".

The X-ray crystal structure of the functional unit of
Octopus Hc Odg shows that it contains seven tryptophan
residues, located around the active site, while only six Trp
residues were identified for the amino acid sequence of
KLH2-c located at positions 51, 74, 98, 100, 223 and 226.
Alignment of the amino acid sequneces of the Hc-FUs
of Octopus doflieni Odg and KLH2-c shows that the
positions of five Trp residues are conserved, but they
are not part of the copper active sites (Fig. 1A). Only one
of the Trp residues is located close to the CuB site.

The conclusion that Trp residues are exposed inside
the molecule is supported also by the results of the
quenching experiments with the ionic species Cs"and I .
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Fig. 3: Stern-Volmer plots for fluorescence quenching with acrylamide of KLH and its structural subunits performed at
25°C after excitation of the samples at 295 nm: KLH2-c (¢é—%), KLH ®—m) KLHI1 (6—®), KLH2
(0—0).
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Fig. 4: Tyrosine to tryptophan energy transfer efficiency of the apo-structural subunit: KLH1 (¢—#), KLH2 (6—®),

KLH2-¢ (O—O) and native Hc (?—?). The upper (B—™M) and lower (M—M) solid curves are the theoretical
and obtained from different values of the transfer efficiency (e = 1 and 0, respectively)
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Fig. 5: Thermal dependence of the tryptophyl
fluorescence of the FU KLH2-¢ in 50 mM Tris/HCI,
10 mM CaCl, buffer, pH 8.0. The fluorescence
quantum yield was determined using N-Ac-Trp
NH, as a standard
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Fig. 6: Temperature dependences of the ellipticity [0] at

221 nm of native KLH (#__#), its structural
subunits: KLH]1 (@_@®), KLH2 (O_Q) and
FU KLH2-c (m_m), were determined in 0.05 M
Tris/HCL, 10 mM CacCl,, 10 mM MgCl, buffer, pH
8.0

In contrast to acrylamide, which can penetrate the protein
matrix, the ionic quenchers are hydrated and cannot
diffuse into the protein molecule. They only are able to
quench surface fluorophores, although complication may
arise from the electric potential around the fluorophore,
since the quenchers have a positive or a negative charge.
The quenching constant of the ionic species is very low
for KLH2-c (Table 1; Kg, =0.92 M~ for Cs" and 1.35 M™'
for 1) compared to the constants for free tryptophan
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(Table 1) 2.0 M~ (for Cs") and 8.8 M~ (for I ). These data
are again consistent with the results obtained for the
other samples and support the conclusion that the
tryptophyl side chains are "buried" in the native
hemocyanin aggregate and its functional subunits. The
ratio of the Stern-Volmer constants, determined for the
negative and positive quencher (Kg-/Kq+t), defines an
electrostatic parameter E, sensitive to the charge in the
microenvironment around the fluorophore. The value for
the dodecameric He (E = 1.47, Table 1) is lower compared
to that found for the structural subunits (E =1.76 and
E = 2.2) and FUs (KLH2-c and RvHl1-a 1.7 and 2.0,
respectively).

The absence of a tyrosyl fluorescence, which can
be expected at 303 nm, can be explained on the basis of
an energy-transfer process involving phenol (energy
donors) and indole (energy acceptors) groups [26]. The
X-ray models of Octopus dofleini [5] demonstrate many
possibilities for an efficient Tyr to Trp energy transfer.
In Fig. 4 the typical plots, used to calculate the Tyr-Trp
energy transfer efficiency according to Eq. (2) is shown
for the FU KLH2-c, subunits KLH1, KLH2 and the native
molecule. The corresponding e values are summarized in
Table 1. The best fit of the experimental data to the
theoretical curves was obtained for e = 0.43 for the FU,
0.65 for the dodecameric Hc and between 0.40-0.25 for the
structural subunits. It can be concluded that about 40%
of the light absorbed by the tyrosyl residues in the FU
KLH2-¢ and 25-40% in the subunits is transferred to
indole rings and emitted as tryptophan fluorescence.

Conformational stability of the FU KLLH2-c: Temperature
denaturation: Thermostability is an important property of
biomolecules, especially regarding their practical
application. The stability of Fu KLH2-c was studied using
fluorescence spectroscopy in comparison to native KLH,
its subunits KLH1 and KLH2 and the FU RvHI1-a in the
range from 20 to 95°C in 50 mM Tris/HCl, 10 mM CaCl,, pH
8.0 (Fig. 5). The data were collected for the apo-forms
only, because oxygen saturation of Hcs is temperature-
dependent. The critical transition temperature T, is
determined from the Arrhenius plot as the temperature
at which a change in the slope of the plot occurs. As
expected, the T, parameters 46 and 49°C, determined for
the FUs KLH2-c and RvH]1-a, respectively are smaller
compared to the dodecameric Hc (63°C) and its
subunits  (51-53°C) (Table 2). As the thermal
denaturation of the Hc species after passing the T, was
irreversible, equilibrium thermodynamic parameters were
not determined.
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Table 2: Termostability of FUs KLH2-c and RvH1-a, natural KLH and its
structural subunits

Species Fluorescence T, (°C) CD T,, value
Native KLH 63 67
KLH1 53 56
KLH2 51 52
KLH,-¢c 46 45
RtHI-a 49 49

The thermal denaturation study was complemented
by CD measurements of the apo-forms of the individual
subunits. In the far UV region, a minimum was observed
at 208 and 221 nm, which is characteristic for the
secondary structures of the proteins. The spectra were
recorded at a temperature interval 20 - 90°C in the
200 - 260 nm region, reflecting the backbone conformation
of proteins. A sigmoidal curve was obtained for apo-forms
when the ellipticity at 221 nm was plotted as a function of
temperature (Fig. 6). The melting temperature (T,, 45 and
49°C) for the FUs KLH2-c and RvH1-a, respectively, are
smaller compared to native KLH and its structural
subunits (67, 56 and 52°C, respectively) and are in
agreement with the T, values, obtained by fluorescence
spectroscopy. Table 2 summarizes the melting
temperatures of native isoforms of Megathura crenulata
hemocyanin and FU RvHI-a [25], which confirm that
the two molluscan Hcs are similar in thermostability.

The high conformational stability of molluscan Hes
could be due to the larger number of disulphide bridges.
However, the possibility of a structural role of the sugar
moieties in molluscan hemocyanins cannot be excluded.
Two carbohydrate binding N-linked site were identified in
the FU RvH1-a and a carbohydrate content of 4,19% were
determined [28], while no oligosaccharides was found to
be present in FU KLH2-c.
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