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ABSTRACT

We studied the reactivity of mouse monoclonal antibodies (MAbs) against the hemocyanin from the Chilean
marine gastropod Concholepas concholepas (CCH). This protein has been successfully used as a carrier to
produce antibodies to haptens and peptides. All MAbs (13) belonging to IgG subclass exhibit dissociation con-
stants (K;) from 1 X 107 M to 1 X 10~ M. MAbs were characterized by enzyme-linked immunosorbant as-
say (ELISA) using CCH treated with different procedures, including dissociation into CCH-A and CCH-B
subunits, Western blot, enzymatic digestion, chemical deglycosylation, and thermal denaturation. MAbs were
classified into three categories, according to subunit specificity by ELISA. The epitope distribution shows that
CCH subunits display common epitopes (group I, 5 MAbs, 1HS, 2A8, 3AS, 3B3, and 3E3), as well as specific
epitopes for CCH-A subunits (group II, 3 MAbs, 1B8, 4D8, and 8ES) and for CCH-B subunits (group III, 5§
MAbs, 1A4, 1E4, 2H10, 3B7, and 7B4). The results can be summarized as follows: (1) six antibodies react
with thermal denatured CCH, suggesting that they recognize linear epitopes, whereas seven recognize con-
formational epitopes; (2) oxidation of carbohydrate moieties does not affect the binding of the MAbs; (3) en-
zymatic digestion of CCH decreases the reactivity of all antibodies irrespective of the protease used (elastase
or trypsin); (4) bringing together the above data, in addition to epitopic complementarity analysis, we iden-
tified 12 different epitopes on the CCH molecule recognized by these MAbs. The anti-CCH MAbs presented
here can be useful tools to understand the subunit organization of the CCH and its complex structure, which
can explain its immunogenic and immunostimulating properties in mammals.

INTRODUCTION T and B lymphocyte multi-epitope recognition. Indeed, hemo-
cyanins have been extensively used as carrier proteins for hap-

EMOCYANINS ARE OXYGEN CARRIER GLYCOPROTEINS thatare tens and peptides, as standard antigens in the studies of the im-

found in the hemolymph of many mollusks and arthro-
pods. Hemocyanins are model proteins because they exhibit a
complex three-dimensionalstructure,have multiple aggregation
states, and coordinate O, through copper. Mollusk hemocyanins
are organized as hollow cylindrical oligomers, with molecular
masses from 3.5 to 4.0 MDa known as decamers, made by 10
subunits from 350 to 450 kDa in size. Each subunit consists of
a string of seven or eight 45 to 50 kDa globular domains called
functional units (FUs). In bivalves and gastropods, decamers
can self-associate as stable di-decamers, displaying huge struc-
tures with molecular masses from 8.0 to 9.0 MDa.(1:2)
Hemocyanins cause strong immune responses in mammals
due to their xenogenic nature and their big size, which support

mune response, and as nonspecific immunostimulants 3% The
hemocyanin from the mollusk Keyhole Limpet (Megathura
crenulata) known as KLH has been used for the above pur-
poses.

Scarce information is available on the relationship among
the structural and the immunotherapeutical properties of he-
mocyanins. After the studies of Olsson et al.,>) who demon-
strated a significant reduction in the recurrence rate of superfi-
cial bladder carcinoma in patients immunized with KLH, there
is further evidence that supportits biomedical applications ¢~1?
KLH has a promising potential in the treatment of other carci-
nomas, including melanoma,'’"'? breast cancer, and ovarian
cancer.13-15) Besides cancer treatment, KLH has other bio-
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medical uses, for example, in the diagnosis and immunother-
apy of Shistosomiasis,('® in drug addiction,!7-'® and as a com-
ponentof experimental synthetic minimal viral vaccines against
AIDS, 1929 and papilloma virus.2!

The versatile properties of KLH has derived in a growing in-
terest on the knowledge of hemocyanin structure, and encour-
aged us to seek other alternatives of mollusk hemocyanins with
equivalent immunological and therapeutic properties(® Over
the last decade, hemocyanin from Concholepas concholepas
(CCH) (commonly known as Loco) has been successfully used
as a carrier protein in the development of polyclonal®>-2% and
monoclonal antibodies (MAbs) to peptides and haptens?%-27)
and has proved to be a reliable alternative to KLH. The CCH
structure is just begining to be known, and with a size about
8.0 MDa, it has two different subunits noncovalently linked
named CCH-A (404 kDa) and CCH-B (351 kDa).®®

Since the work of Kohler and Milstein that allowed the im-
mortalization of B-lymphocytes secreting monospecific anti-
bodies,?” hybridomas have been widely used to study the epi-
tope structure of many proteins.®? Earlier model antigens such
as lysozyme, cytochrome ¢ and neuraminidase, through the
property of antibody—protein interaction, provided epitope maps
of these proteins.*! More recently, x-ray-crystallographic stud-
ies have allowed a better definition of each epitope by identi-
fying the amino acids that participate in the binding with the
antibody 32-3%)

Polyclonal antibodies have been used extensively in the
structural analysis of hemocyanin subunits, to determine the
topological position of each subunit within the quaternary struc-
ture after protease digestion,?*~**) and to study the function*>
and evolution of hemocyanins“#0-4%) However, MAbs have
rarely been used to study the epitopic structure and organiza-
tion of mollusk hemocyanins.

The present paper describes the development and character-
ization of specific MAbs to CCH. We identify some CCH epi-
topes and investigate its linear or conformational nature. Also,
we demonstrate that CCH-A and CCH-B subunits of the pro-
tein contain common and specific epitopes.

MATERIALS AND METHODS

Chemicals and biochemicals

Bovine serum albumin (BSA), ethylenediaminetetra-acetic
acid (EDTA), pancreatic elastase, trypsin type I from bovine
pancreas, and pristane (2,6,10,14-tetramethyl-decanoic acid),
were from Sigma-Aldrich Chemical (St. Louis, MO). Para-ni-
tro phenyl phosphate, polyethylene glycol (PEG) 4000 and
sodium periodate were from Merck Darmstadt, (Germany).
Mono-Q 5/5 Column was from Pharmacia (Uppsala, Sweden).
Bicinchoninicacid protein kit, complete and incomplete Freund’s
adjuvant, Coomassie Plus Protein Assay Reagent, Immunopure
monoclonal antibody isotyping kit II, 5-bromo-4-chloro-indolyl-
phosphate (BCIP), nitro-blue-tetrazolium (NBT), nitrocellulose
membrane, polystyrene plates, sodium dodecylsulfate polyacry-
lamide gel electrophoresis(SDS-PAGE) reagents, SuperBlock in
phosphate-buffered saline (PBS), Tween-20, and anti-mouse
IgG-alkaline phosphatase conjugate were from Pierce-Endogen,
(Rockford, IL). Dulbecco’s minimum essential medium (DMEM)

OLIVA ET AL.

high glucose medium and fetal calf serum were purchased from
HyClone (Logan, UT). Prestained markers, antibiotics and hy-
poxanthine,aminopterin, and thymidine (HAT) medium were ob-
tained from Gibco (Gaithersburg, MD). All other chemicals were
analytical-gradereagents, and all solutions were prepared using
Mili-Q water.

Hemocyanin samples

Hemocyanin sources. Hemocyanin from C. concholepas (Blue
Carrier), Fisurella cumingi (Lapa Frutilla), Fisurella maxima
(LapaReina), and Fisurella latimarginata(Lapa Negra) were pro-
vided by Biosonda Corp. (Santiago, Chile). KLH was purchased
from Pierce-Endogen (Rockford, IL) and Limulus polyphemus he-
mocyanin was from Sigma-Aldrich Chemical (St. Louis, MO).

Protease digestion of CCH. The general procedure described
by Gebauer et al. was used.*? Experiments were performed
with samples of CCH (20 mg) dissolved in 3 mL 1.36 M
glycine/NaOH buffer, pH 9.6 and enzymes (elastase or trypsin)
were added to a final concentration of 2% w/w, previously dis-
solved in 1 mL of 0.1 M ammonium carbonate pH 8. Enzy-
matic digestion was performed at 37°C and samples were taken
at 1, 3, and 5 h. To stop the enzyme reaction phenylmethysul-
fonyl fluoride (PMSF) was added to a final concentration of 1
mM, and samples were stored at —20°C until use. A CCH sam-
ple was incubated without the enzymes under the same condi-
tions as control.

Chemical deglycosylationof CCH. The procedure described
by Hermanson®® was used. Samples of 10 mg/mL of CCH in
PBS pH 7.5 were prepared, and 100 L of a 100 mM sodium
periodate solution was added. To stop the reaction, 100 uL of
anhydrous glycerol was added and the samples were incubated
for 30 min. Samples were deglycosylated for 3 and 24 h, and
finally dialyzed against PBS.

Denatured CCH. Samples of 10 ug/mL of CCH dissolved
in PBS were boiled for 5 min in a water bath and then cooled
to 4°C.

Isolation of subunit CCH-A and CCH-B by high-perfor-
mance liquid chromatography (HPLC). The general procedure
described by Swerdlow et al.,** was applied. Briefly, CCH
was dissociated by dialysis against glycine/NaOH pH 9.6, 10
mM EDTA at 4°C, and then applied to a Mono-Q 5/5 column
at a flow rate of 1.0 mL/min. To elute the sample from the col-
umn, a linear gradient of 130 mM glycine/NaOH pH 9.6 10
mM EDTA and 1 M NaCl was used. Coomassie Plus Protein
Assay Reagent was used to determine the protein concentration
according to the supplier’s instructions.

Development of MAbs to CCH

Mice immunization. Two-month-old BALB/c mice were im-
munized with CCH as follows: On Day 1, they received in-
traperitoneally 400 ug of antigen, emulsified in complete Fre-
und’s adjuvant; on Day 16, the same immunization was carried
out, but using incomplete Freund’s adjuvant. A booster was
given 3 days prior to the somatic fusion to obtain hybridomas.
Mice were bled prior to the immunizations to obtain pre-im-
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mune control serum. Ten days after each injection of CCH, the
mice were bled and a direct enzyme-linked immunosorbant as-
say (ELISA) was used to evaluate the humoral response.

Somatic fusion. The general procedure described by Koéhler
and Milstein®® was used with minor modifications®® Prior to
the somatic fusion, NS0/2 cells (provided by Dr. C. Milstein,
from MRC Laboratory of Molecular Biology, Cambridge, En-
gland) were seeded on complete DMEM (Dulbecco’s medium
supplemented with 10% Fetal Calf Serum and antibiotics) and
incubated at 37°C, 10% CO, atmosphere and 100% humidity.
Three days before the fusion, an intravenous and intraperitoneal
(i.p.) CCH booster was given to the immune mice. The spleen
was disrupted mechanically and washed, then the splenic lym-
phocytes were mixed with NS0/2 cells, and 0.5 mL 50% PEG
4,000 was added for the fusion. The hybridomas were sus-
pended in complete DMEM containing HAT, seeded on 96-
well plates, and cultured under the same conditions described
before. Seven days after fusion, 2 drops/well complete DMEM
culture medium plus HT was added to the plates. Starting at
Day 12, the supernatant of the wells with evident hybridoma
growth were screened by ELISA, to determine antibodies to
CCH. A plate coated with BSA was used as a primary speci-
ficity control.

Subclass antibody typing. The determination of MAD isotype
was done using a commercial ELISA kit according to the sup-
plier’s instructions.

Immunochemical methods

Direct ELISA. The general procedure described by Crowther
and Abu-Elzein®! was used, with minor modifications. Micro-
well polystyrene plates were incubated overnight at 4°C with
100 pL/well of 10 wg/mL solution of CCH or isolated subunits,
in PBS. The plates were blocked with 250 uL/well of Super
Block or 1% PBS-Bovine Serum Albumin (PBS-BSA) for 2 to
3 h at room temperature. Then, serial half dilutions of the im-
mune sera in blocking buffer or undiluted hybridoma super-
natant were incubated for 2 to 3 h at room temperature. The
plates were washed three times with 250 uL of 0.02% PBS-
Tween, then 100 uL/well of goat anti-mouse IgG serum con-
jugated with alkaline phosphatase (ALP) diluted 1/1.000 in
blocking buffer was added to the wells. After incubating for 30
min at room temperature, the plates were washed as described
above and developed for 30 min at 37°C by adding 100 uL/well
of 1 mg/mL para-nitrophenylphosphate (p-NPP) in ALP-buffer
(Na,CO3/NaHCO3; 0.2 M, pH 9.6). The reaction was stopped
with 3N NaOH and was read spectrophotometrically at 405 nm.

For all MAbs, optic density (OD) values were obtained by
ELISA against CCH-A and CCH-B subunits. Two criteria were
applied for classifying the MAb panel into three groups: (1)
group II or III comprised MAbs that gave OD values ~3-fold
higher with one subunit in comparison to the other; (2) MAbs
that gave a difference in OD values between subunits less than
~2-fold were assigned to group I.

Dissociation constant determination. The ELISA method de-
veloped by Friguett et al.5? was used. Polypropylene tubes
containing 200 ul of CCH in a range of 0 to 1 X 107! M and
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200 pL of each hybridoma supernatant without dilutions, were
incubated for 20 h at 4°C. Then, 100 L from each tube was
added in triplicate onto ELISA plates previously coated with 1
pg/well of CCH. To perform the competition, the plates were
incubated for 4 h at 4°C, washed, and developed with a goat
anti-mouse IgG serum, conjugated with ALP, as described
above.

The K, for each MAb was determined from a graphical anal-
ysis, where the ratio Ag/(Ag-A) was plotted versus 1/c; Ay rep-
resented the OD of the hybridoma supernatant containing the
MAD alone, A was the OD of the hybridoma supernatant incu-
bated with different concentrations of CCH and ¢ was CCH
concentration.

Determination of overlapping epitopes. A direct ELISA was
used to determine the additivity index (Al) according to Friguet
et al.(53,54) Briefly, 96-polystyrene plates coated with 100
mL/well of a 10 mg/mL CCH solution and blocked with Su-
perBlock, were incubated for 3 h at room temperature with a
mixture that contained two Mab supernatants at the dilution that
gave the highest OD. As control, a sample of the prediluted an-
tibody alone, half diluted with the culture medium of the hy-
bridomas, was included. Plates were developed as previously
described. The additivity index was defined as:

where A1, Ay, and A; 1, are the OD reached in the direct ELISA
with the first MAb, the second antibody, and the two antibod-
ies together, respectively

Electrophoresis and Western blot. Samples of hemocyanin
were subjected to SDS-PAGE in a 3 to 10% polyacrylamide
gradient system®> then transferred to 0.02-um pore nitrocel-
lulose membranes.®® The membranes were incubated over
night at 4°C with Super Block or 1% PBS-BSA, and then in-
cubated for 3 h with anti-CCH mouse serum diuted 1:1,000 in
SuperBlock or with undiluted hybridoma supernatants. After
three washings with PBS-Tween 0.02%, the membranes were
incubated for 1 h at room temperature with goat anti-mouse IgG
serum, conjugated with ALP. The membranes were developed
using NBT and BCIP. To stop the reaction, the membranes were
washed with water.

RESULTS

Development of MAbs to CCH

To develop hybridomas secreting anti-CCH antibodies,
BALB/c mice were immunized with Concholepas concholepas
hemocyanin. Figure 1 shows a titer of around 1/8,000 against
CCH after the second immunization, measured by ELISA. In
this experiment, KLH was included to determine the epitopic
relation between both hemocyanins and a poor cross reaction
at low dilutions of the sera was observed. The immune response
obtained after the immunizations were considered enough to
develop hybridomas.

Somatic fusions were done, and finally 13 positive hybrido-
mas were obtained and recloned, which showed a stable and
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FIG. 1. Specificity of the humoral immune response of
BALB/c mice to CCH. Titration by ELISA of sera from three
mice immunized with CCH. The plates were coated with CCH
or KLH, to determine the cross-reaction between both hemo-
cyanins. Binding of the antibodies to the hemocyanins was de-
termined using anti-mouse IgG labeled with ALP, and devel-
oped with a pNPP solution as described in the Materials and
Methods section. The first dilution corresponds to 1:64.

rapid growth. To exclude sticky antibodies, a control using an
ELISA with BSA was performed with negative results. The
MAbs obtained were highly specific to CCH; they showed nei-
ther cross reaction by ELISA to KLH, nor to L. polyphemushe-
mocyanin, and nor against three Chilean limpet hemocyanins
from the Fisurella genus: F. cuming, F. maxima, and F. lati-
marginata (data not shown).
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Analysis of the epitope specificity of anti-CCH
MAbs by ELISA and Western blot

Table 1 summarizes the general properties of anti-CCH mon-
oclonals. All of them belong to the IgG subclass. We classified
the antibodies under three categories, according to their subunit
specificity by ELISA, as described in the Materials and Meth-
ods section. Group I included five antibodies that recognized
common epitopes to both subunits (named 1HS5,2A8,3A5, 3B3,
and 3E3). Group II comprised three antibodies (named 1B8,
4D8, and 8ES5) that reacted preferentially with the CCH-A sub-
unit. Group III consisted of five antibodies (named 1A4, 1E4,
2H10, 3B7, and 7B4) that reacted preferentially with the CCH-
B subunit. The K, values were determined with native CCH,
as shown in Fig. 2, for all antibodies except for MAb 1A4, be-
cause it did not bind to soluble CCH, so that competition was
not observed. The lowest K; values were from 3B3 and 4D8
antibodies: 4 X 1072 M and 6 X 10~°2 M, respectively.

Next, we investigated whether the antibodies were reactive
by Western blot in CCH samples treated under SDS-PAGE de-
naturing conditions. Table 2 summarizes the results and shows
that some monoclonals exhibited a different reactivity pattern
than the one assigned by ELISA: MAbs 2A8 and 3AS5 (group
I) and 1E4 (group III) did not react by Western blot, suggest-
ing that they recognized conformational epitopes on the CCH
molecule. In group I, antibody 3E3 did not react with CCH-A,
although by ELISA it reacted with both subunits. Interestingly,
all MAbs of group II bound to epitopes displayed on both sub-
units. In the same way, monoclonal 3B7 from group III, bound
to CCH-A and CCH-B subunits. The rest of the MAbs from the
panel were positive by Western blot in keeping with the ELISA
analysis.

TaBLE 1. GENERAL PROPERTIES OF ANTI-CCH MABS DETERMINED BY ELISA
Dissociation
Group® MAb Subclass CCHP CCH-AbP* CCH-Bb* constantd
I 1H5 1gGy, k 2.15 2.54 2.74 2 X 1078 M
2A8 1gGy, k 1.73 2.65 2.18 1 X107 M
3AS5 12Gaa, K 1.56 2.80 2.54 3 X108 M
3B3 12Gaa, K 1.29 2.45 2.20 4X107°M
3E3 1gGy, k 1.11 1.09 2.32 7 X 1078 M
II 1B8 1gGy, k 0.66 1.07 0.08 3X1077M
4D8 1gGy, k 1.01 2.76 0.49 6 X 107°M
8ES IgGy, & 1.66 2.15 0.17 1 X 108M
111 1A4 1gGy, k 1.59 0.61 2.12 ND¢
1E4 1gGy, k 0.69 0.34 1.78 5X 1078 M
2H10 IgGaa, & 0.92 0.69 1.83 4 X 1078 M
3B7 1gGy, k 0.74 0.61 1.98 8§ X 1078 M
7B4 I1gGoy, K 0.69 0.34 1.04 1 X 108M

2Anti-CCH MAbs were classified in three categories, according to their reactivity with isolated CCH-A and CCH-B subunits

of the protein.

®OD value to 405 nm, corresponding to undiluted supernatant of each hybridoma secreting anti-CCH M Abs. Experiments were
run in triplicate with an experimental error below 10%.
“Subunits were obtained by CCH dissociation, by dialysis against Glycine-NaOH pH 9.6, and EDTA, then purified in a Mono-Q

5/5 column.

dMAD affinity was determined, as described in the Materials and Methods section. Figure 2 shows an example, where the slope
of the curve is the dissociation constant.

¢Undetermined. The anti-CCH 1A4 MAb did not bind to the protein in solution.
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FIG. 2. Determination by ELISA, of the K, for the anti-CCH
Mab 7B4. Two hundred microliters of CCH in a range of 0 to
1 X 107! M were added to 200 uL of 7B4 hybridoma super-
natant, and incubated for 20 h at 4°C. Then 100 uL of each
sample was added onto plates previously coated with 1 ug/well
CCH. Plates were incubated for 4 h at 4°C, washed, and de-
veloped as described in the Materials and Methods section. A,
is the OD when antigen is not competing and A is the OD at
each concentration of competing antigen. The plot gave a lin-
ear curve, where the slope is the dissociation constant. Exper-
iments were run in triplicate with an experimental error lower
than 10%.

Figure 3 shows some of the data summarized in Table 2. An
anti-CCH mouse serum was used as positive control; it dis-
played a strong reactivity with the principal polypeptides of the
molecule: subunits CCH-A and CCH-B. In turn, antibodies 1 A4
and 2H10 exhibited specific and strong reactions to the epitopes
on the CCH-B subunit.

TABLE 2. GENERAL PrROPERTIES OF ANTI-CCH MABS
DETERMINED BY WESTERN BLOT?

Group MAb CCH-AY CCH-BY
1 1H5 + +
2A8 — —
3A5 — —
3B3 + +
3E3 — +
11 1B8 + +
4D8 + +
8ES5 + +
11 1A4 — +
1E4 — —
2H10 — +
3B7 + +
7B4 - +

aSamples of fresh purified CCH were subjected to denatur-
ing SDS-PAGE, transferred to a nitrocellulose membrane,
blocked, and incubated with hybridoma supernatants.

PReactivity of MAbs against each subunit: (4+) positive;
(+/—) weakly positive; and (—) negative.
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FIG. 3. Reactivity of MAbs against CCH by Western blot.
Samples of CCH were run on a 3 to 8% polyacrylamide gel
gradient system, transferred to nitrocellulose membrane and in-
cubated with the undiluted hybridoma supernatant. Lane 1, pos-
itive control (C+), serum from a mouse used in a fusion, show-
ing intense reactivity with polypeptides corresponding to
CCH-A and CCH-B. Lane 2, MAbs 1HS5 from group I, Lanes
3 and 4 were incubated with MAbs from group II, 1B8 and
4D8, respectively.Lanes 5 to 7 were incubated with MAbs from
group III, 1A4, 2H10, and 3B7, respectively. Bottom of the fig-
ure, reactivity assigned to each MAb for subunit A and B: (+)
positive; (£) weakly positive and (—) negative.

Characterization of the epitopes recognized
by anti-CCH MAbs

To further characterize the CCH epitopes recognized by the
antibodies, we evaluated by ELISA the effect of a limited pro-
teolysis on CCH. We used either elastase or trypsin over CCH
after different times of digestion (1, 3, and 5 h). As a control,
CCH was incubated in reaction buffer but without enzyme. Fig-
ure 4 summarizes the following results: (1) The enzymes af-
fected all the epitopes recognized by anti-CCH MAbs because
the MAbs decreased their binding to the protein after 1 h of
treatment; (2) the most destructive enzyme on CCH was trypsin
and the less destructive was elastase; (3) the most resistant epi-
tope to trypsin and to elastase was the one recognized by 3AS
MAD (group I), it maintained its reactivity by 50 and 75%, re-
spectively, suggesting that this epitope would be protected from
the proteolytic attack by steric hindrance; (4) in group II, the
reactivity of monoclonals 1B8 and 8ES5 was similar with the
two enzymes. In contrast, the epitope recognized by antibody
4D8 from the same group is the most resistant to elastase degra-
dation; and (5) the most labile epitope of CCH was recognized
by the monoclonal 1E4 (group III); at 1 h it decreased its re-
activity by 25% after the enzymatic treatment with elastase;
suggesting that this epitope is greatly exposed on the molecule.
On the other hand, epitopes recognized by antibodies 1A4 and
2H10 lost around 75% of reactivity after treatment of CCH with
elastase for 1 h.

To approach the linear or conformational nature of the epi-
topes, we studied the effect of thermal denaturation on CCH
and how that treatment affected the binding of MAbs. As shown
in Table 3, monoclonals 3B3 (group I), 1B8 (group II), 1A4
and 2H10 (group III) improved their reactivity after denatura-
tion of the protein; whereas, MAbs 8E5 (group II) and 3B7
(group III) decreased their binding by around 40% indicating
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FIG. 4. Reactivity of anti-CCH MAbs with CCH digested enzymatically, using a direct ELISA. Samples of CCH were incu-
bated with elastase or trypsin, as described in the Materials and Methods section. Samples were taken at 1, 3, and 5 h and the
enzymatic digestion of CCH was stopped by adding PMSF and cooling. Plates were coated with digested CCH, incubated with
the undiluted hybridoma supernatants, and developed with an anti-mouse IgG labeled with ALP. In the figure, the reactivity of
each antibody with the different digested CCH samples is indicated in gray (1 h), in spotted grey bar (3 h), and in black (5 h).
The percentage of binding was determined considering as 100% the OD of each MAb to CCH without enzyme treatments. The
present experiment was run in duplicate and in parallel with an experimental error lower than 10%.

that the epitopes recognized by these 6 antibodies were linear,
according to Western blot analysis. In contrast, the other seven
MAbs of the panel did not react with denatured CCH, sug-
gesting that they recognized conformationalepitopes. However,
four of them were reactive by Western blot: MAbs 1H5 and
3E3 (group I), 4D8 (group II), and Mab 7B4 (group III), sug-
gesting renaturation of these epitopes during the transfer to the
nitrocellulose membrane. This phenomenon has been reported
for other proteins %

Because hemocyanins are glycoproteins, it is worth study-
ing whether any carbohydrate moiety was involved in the bind-
ing of the antibodies. We removed the oligosaccharideresidues
from CCH by chemical deglycosylation using a mild sodium

periodate oxidation during 3 and 24 h. Table 3 shows that all
anti-CCH MAbs improved their binding to CCH after periodate
treatment for 24 h, indicating that carbohydrateresidues would
not be involved and that the epitopes are better exposed after
the treatment.

Determination if anti-CCH MAbs are directed at
overlapping or complementary epitopes

Finally, we investigated whether the MAbs recognized sim-
ilar or different epitopes on the CCH molecule. We used direct
competition assay between two unlabelled MAbs in an ELISA,
to define the additivity index as described in the Materials and
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TaBLE 3. EFFECT oF DIFFFERENT TREATMENTS OF CCH oN THE BINDING oF MABs To CCH, BY ELISA?
Periodate treatment
Group MAb CCH control Denatured CCH? 3h 24 h
| 1HS 1.87 0.10 1.49 2.03
2A8 1.33 0.10 1.32 1.68
3A5 1.26 0.30 1.43 1.56
3B3 0.98 1.28 1.55 1.60
3E3 1.32 0.12 1.74 1.69
11 1B8 0.46 0.65 0.34 0.66
4D8 1.30 0.16 1.05 1.60
8E5 1.17 0.72 1.34 1.52
111 1A4 1.32 2.31 1.56 1.71
1E4 0.70 0.07 1.29 1.17
2H10 1.15 1.80 1.57 1.65
3B7 0.60 0.41 0.86 1.21
7B4 0.62 0.17 0.71 0.99

20D value to 405 nm, corresponding to undiluted supernatant of each hybridoma secreting anti-CCH MAbs. Experiments were

run in triplicate with an experimental error lower than 10%.

®Samples of CCH were dissolved in PBS and boiled for 5 min in a water bath, before coating the plates.
¢Samples of CCH incubated with sodium periodate for 3 or 24 h and dialyzed against PBS, before coating the plates.

Methods section. The basis of the assay relies on an increase
of OD when a combination of two MAbs binds to different epi-
topes (Al = 50.1), but not when both react to the same epitope
(AL = 49.9). Table 4 summarize the results, where the MAbs
were arranged in a Cartesian coordinate system; the intersec-
tion corresponds to the Al value for each pair of MAbs.

Table 4 shows that all MAbs from group I, were directed to
the same or close epitopes, or that the binding of one antibody
caused a conformational change in CCH so that the second an-
tibody cannot bind, Al values below 40 (highlight gray). On
the other hand, MAbs from groups II and group III were com-
plementary, they recognized different epitopes in CCH-A and
CCH-B subunits, with a majority of Al values higher than 60.
Thus, group I MAbs recognize epitopes common for both sub-
units because they were not additive with almost all MAbs from
groups II and III.

DISCUSSION

Hemocyanins have been used extensively in immunology as
nonspecific immunostimulants and as carrier proteins to pro-
duce antibodies against haptens. The multiple use of KLH in
basic and clinical research, for example, in cancer therapy, vac-
cine development, and diagnosis, suggests that the high demand
for KLH will increase the search for alternative molecules.
These candidate proteins must have comparative advantages
such as abundance, easy obtention and purification, together
with strong immunogenicity. In the same context, hemocyanin
from Concholepas concholepas may be a potential alternative
to KLH, based on its successful use as a carrier.22-27) To con-
duct further studies, we considered it important to develop
MAbs to CCH.

Our previous studies on the structure of CCH molecule
using immunoelectrophoresis with specific polyclonal antibod-

(28)

ies, showed that CCH subunits have partial identity, suggest-
ing that they had common and specific epitopes. This observa-
tion has been confirmed in the present work, and supports our
classification of the anti-CCH MAbs in 3 categories, according
to the localization of the epitope on the CCH subunits. How-
ever, as mentioned before, when analyzed by Western blot,
some MAbs exhibited a different specificity pattern than the
one assigned by ELISA. MAbs from group II that are directed
preferentially to the native CCH-A subunit, denote a remark-
able feature of this protein: CCH big size and hollow cylinder
structure favors “epitope masking” because by Western blot
these antibodies bind to epitopes found in both subunits and
probably under native conditions they would be buried in the
native CCH-B subunit. An other possible explanation is that
these masked epitopes of CCH-B would be similar but not iden-
tical to those from CCH-A, and they would appear as mimicry
epitopes after denaturation, as seen by Western blot.

The criteria imposed by the classification of the MAbs, al-
lowed us to identify a priori a minimum of three epitopes in
CCH: one for each group. However, the differences in reactiv-
ity with CCH treated with diverse procedures, in addition to the
epitopic complementarity analyses, indicated that at least 12
epitopes could be deduced.

In group I, we identified four epitopes: The first one was as-
signed to Mab 3B3, it bound to heated CCH and was comple-
mentary with certain MAbs from group III. The second was
recognizedby MAbs 2A8 and 3AS5, which did not bind to heated
CCH and were not complementary. A third epitope could be
identified by 3E3 because it was negative by Western blot with
CCH-A and displayed low reactivity with CCH-B subunit. Fi-
nally a fourth epitope was assigned to MAb 1HS; although it
had the same additivity characteristics of the other MAbs from
group I, this antibody was positive by Western blot with both
subunits.

In group II, we identified three epitopes: The first one was



372

OLIVA ET AL.

TaABLE 4. DETERMINATION BY ELISA? oF THE EpiToric COMPLEMENTARITY FOR ANTI-CCH MABS

I I il

Group  MAb 1H5 2A8 3AS5 3B3 3 E3 1B8 4D8 8 E5 1A4 1E4 2HIO 3B7 7B4
I 1H5 —

2A8 23.0 —

3A5 28.4  19.2 —

3B3 38.6 314 276 —

3-E3 329 214 217 —134 —
I 1B8 89.0 664 64.7 493 672 —

4D8 356 312 292 262 47.7 61.8 —

8-e5 2277 147 236 223 535 78.8 © 39.5 —
I 1A4 320 17.6 349 436 594 94.4  56.1 53.8 —

1-E4 68.1 427 448 55.0 883 89.5 775 79.6  64.1 —

2H10 649 48.1 415 508 924 129.8 88.0 79.6 = 43.8 76.0 —

3B7 64.1 394 30.7 339 516 742 704 70.9  60.0 67.7 733 —

7B4 88.6 719 556 638 750 1169 87.0 1113 96.7 1240 99.1 80.0 —

Non additivity

[ ] Additiviy

aTo determine the complementary of the anti-CCH MAbs, we used the ELISA method developed by Friguet et al.,5? who
propose an additivity index, as described in the Materials and Methods section. Experiments were run in triplicate with an ex-
perimental error below 10%. The pairs of monoclonals that show a nonadditivity value are highlighted in grey, and the pairs that

show an additivity value were distinguished in white.

assigned to 1B8 MAb because it was complementary with all
MADbs from the panel. The second and third epitopes corre-
sponded to the 4D8 and 8ES MAbs. Although MAbs 4D8 and
8ES were not complementary, they differed in their binding to
heated CCH: antibody 4D8 maintained about 12% of its bind-
ing while antibody 8E5 showed 60%; the additivity index be-
low 50 may only reflect a close proximity between both epi-
topes.

In group I1I, five epitopes were assigned: all antibodies were
complementary except for MAbs 1A4 and 2H10, which may
be explained by steric hindrance. Nevertheless, MAb 1A4 did
not bind to CCH in solution (as shown in K; determination ex-
periments) so the nature of this epitope may be different from
the one recognized by 2H10. The third epitope was defined by
3B7 antibody, which recognized both subunits by Western blot
and improved its reactivity to heated CCH. The fourth epitope
was assigned to 1E4 antibody, because it was negative by West-
ern blot and had high sensitivity to elastase. Finally, 7B4 rec-
ognized a fifth epitope, it was complementary with all the an-
tibodies from the panel.

It is worth noting that the presence of common epitopes on
both subunits of CCH, as demonstrated by monoclonals from
group I, suggests that subunits might have originated from a
common mono-FU protein precursor, whose genes had under-
gone a series of duplication and fusion events.""? This con-
ception has been supported by recent cDNA sequence analysis
of hemocyanin from the gastropod Haliotis tuberculata, where
the subunit homology is about 65%.°7-38) Furthermore, these
mechanisms, in addition to mutation events, would explain the
generation of different isoforms for hemocyanin subunits, evi-
denced by the presence of specific epitopes, as demonstrated
by monoclonals of groups II and III. In this respect, KLH sub-

units, KLH-1 and KLH-2, are a well-documented example of
subunit divergence 4%

Considering that oligosacharides can provide valuable tar-
gets for modification or conjugationreactions to proteins, away
from critical points in the polypeptide chain*? we studied
whether carbohydrate moieties were involved in the binding of
anti-CCH MAbs. Periodate oxidation of CCH carbohydrate
residues did not alter the binding of all MAbs to the protein.
However, its participation in the epitopic structure cannot be
fully discarded, unless specific enzymatic deglycosylation of
CCH be performed, to determine the nature of the binding of
carbohydratesto the CCH (N-linked or O-linked), and to reeval-
uate its effects on the binding of the MAbs. Nevertheless, our
results agree with the nature of the subclass of the anti-CCH
MADbs obtained; we did not find antibodies of the IgG; sub-
class, that are involved in carbohydrate response in mice.®%

We also analyzed the effect of different enzymes to investi-
gate the features of CCH epitopes. Elastase has been widely
used in structuralanalysis of hemocyanins, for example, in KLH
it cleaves the subunits into a series of single domains, without
further damage; in contrast trypsin cleaves the molecule into
fragments containing more than one domain.*? Enzymatic
treatments followed by immunochemical analysis of the frag-
ments with polyclonal antibodies and MAbs®”? have been es-
sential in identifying the number and organization of FUs in
mollusk hemocyanins, data not available for CCH. Studies are
in progress to identify the precise localization of epitopes rec-
ognized by the MAbs presented here within the subunits, for
example, 4D8 MAb does not react by Western blot with CCH
digested during 5 h with elastase, which means that the epitope
recognized by this antibody is localized around the linker re-
gion of FUs. In contrast, 7B4 MAb treated under the same con-
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ditions showed an intense reaction against the fragments, sug-
gesting that the epitope was present on some FU (datanot shown).

Finally, the anti-CCH MAbs presented here may be valuable
tools in basic and applied studies of the protein, for instance,
to explore the subunit organization of the molecule. The cur-
rent data are not conclusive on whether the CCH didecamers
are made of homogeneous or heterogeneous decamers. Also
anti-CCH MAbs will be useful in certifying the quality of the
protein under different treatments, especially those related to
the chemical modificationinvolvedin vaccine development. Fi-
nally, these MAbs will be important for understanding the re-
lationship between the structural and the immunostimulant
properties of CCH. In this respect, Orlova et al.,0% propose that
immunogenicity of gastropod hemocyanins may be associated
with the D5 point-group symmetry, analogous to some viral
structures. This three-dimensional arrangement of repetitive
epitopes, together with their big size and xenogenic amino acid
sequence, can lead to an efficient T- and B-lymphocyte stimu-
lation.
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