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Using the methods described, we could easily produce rabbit 
antisera which reacted strongly with chicken SC. It is more 
difficult to produce an antiserum specific for chicken SC by 
absorbing unwanted activity towards the chicken a chain 
because chicken IgA devoid of SC is difficult to prepare [22]. 
However, we anticipate that this problem should be overcome 
by the use of anti-chicken IgA monoclonal antibodies. 
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Hammad Atassi and Antibody recognition of ragweed allergen Ra3: 
localization of the full profile of the continuous antigenic M. Zouhair Atassi 

Marrs McLean Department of 

Medicine, Houston entire protein chain* 
sites by synthetic overlapping peptides representing the 

Biochemistry, Baylor College of 

A comprehensive synthetic approach, for the localization of the full profile of the 
continuous antigenic sites on proteins, previously introduced by this laboratory, was 
applied here to localize the continuous antigenic sites of ragweed allergen, Ra3. The 
following 10 consecutive peptides, each comprising 15 residues (except for peptide 91- 
101) and overlapping each of its neighbors by 5 residues, were synthesized and 
purified: 1-15,11-25,21-35, 31-45,41-55,51-65,61-75,71-85, 81-95 and 91-101. 
Quantitative radiometric titrations of protein and peptide adsorbents were performed 
with 1251-labeled anti-Ra3 IgG antibodies from rabbit, outbred mouse and human 
antisera. The specificity of antibody binding to peptide adsorbents was confirmed by 
inhibition experiments. These studies established the full profile of antigenic (IgG- 
binding) sites of Ra3 and permitted comparison with the allergenic (IgE-binding) sites 
recently localized. It was found that the recognition by IgG antibodies was indepen- 
dent of the host species in which the antibodies were raised. Furthermore, the regions 
recognized by human IgE antibodies coincided with those recognized by IgG anti- 
bodies in three different species. Thus, Ra3 was found to have 4 continuous antigenic 
sites which occupy the same locations as the allergenic sites. 
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Ragweed pollen is one of the most common causative agents 
of seasonal hay fever. At least 4 different protein allergens 
(namely antigen E ,  antigen K, Ra3 and Ra5) have been iso- 
lated from ragweed pollen [l-51. One of these major 
allergens, Ra3, is a basic glycoprotein having a Single polypep- 
tide chain composed of 101 amino acid residues [6]. Clinical 
testing has shown [7, 81 that Ra3 is highly allergenic in about 
30-50% of ragweed-sensitive individuals. The anaphylactic 
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phenomena which result in the symptoms of organ shock are 
initiated by reaction of allergen with IgE antibodies elicited in 
response to the allergen. Therefore, in order to understand the 
anaphylactic mechanism at the molecular level, the localiza- 
tion of the allergenic (IgE-binding) and antigenic (IgG-bind- 
ing) sites of allergens is necessary. 

Previously, this laboratory had introduced [9] a comprehen- 
sive synthetic approach designed to systematically localize the 
full profile of the continuous antigenic sites on a protein 
molecule. The approach consists of the synthesis and examina- 
tion of the immunochemical activities of a series of consecutive 
overlapping peptides, of uniform size and overlaps, that 
encompass the entire protein chain. This strategy was first 
applied to localize the continuous sites recognized by anti- 
hemoglobin antibodies on the a chain [9, 101 and, more 
recently, on the p chain [ll, 121 of human hemoglobin. It has 
also been applied for the localization of the sites recognized by 
T cells on sperm-whale myoglobin [13, 141, hen egg lysozyme 
[15, 161 and the hemoglobin chains [12]. In the present study 
we report the application of this strategy to Ra3. The synthesis 
of 10 overlapping peptides comprising the entire Ra3 molecule 
is reported. The binding to these peptides of anti-Ra3 IgG 
antibodies from human and two other host species enabled the 
localization of the antigenic sites to within fairly small regions 
on the allergen. 

2 Materials and methods 

2.1 Isolation of Ra3 from ragweed pollen 

All operations were carried out in the cold (0-4°C) unless 
otherwise specified. Short ragweed pollen was purchased from 
Hollister-Stier (Spokane, WA). The pollen (200 g) was sus- 
pended in 550 ml of 0.01 M sodium phosphate buffer, pH 7.2, 
0.15 M NaCl containing phenylmethylsulfonyl fluoride 
(100 mg) to inhibit proteolysis and p-chloromercuribenzoate 
(100 mg). The suspension was stirred and, during the first 5 h,  
the pH was maintained at 7.2 by the addition of 1 M NaOH. 
After stirring overnight, the first extract was obtained by filtra- 
tion through a coarse sintered glass funnel. The pollen cake 
was resuspended (2-3 h) and refiltered three more times with 
400 ml each of the above solvent. The four extracts were 
pooled (1400 ml) and dialyzed against several 5-liter changes 
of 90% saturated (NH4)2S04. The precipitate was recovered 
by centrifugation (2000 x g, 30 min), resuspended in water 
(50 ml) and dialyzed against 0.01 M phosphate buffer, pH 7.5 
(eight 5-liter changes) using a dialysis tubing with a 3500 
molecular exclusion limit (Arthur Thomas, Philadelphia, PA). 
The suspension (500 ml) was ultracentrifuged at 120 000 X g to 
remove lipid. The floating lipid layer was aspirated carefully 
off the top and discarded along with the sediment at the bot- 
tom of the tubes. The resulting solution was dark greenish 
brown and turbid. Therefore, the afore-mentioned steps of 
protein precipitation in 90% saturated (NH&S04, centrifuga- 
tion, redissolving in water and then dialysis against 0.01 M 
phosphate buffer, pH 7.5, were repeated. Finally, the solution 
was concentrated by ultrafiltration. 

The solution was dialyzed against 0.01 M phosphate buffer, 
pH 7.5, and applied on a column (4 X 23 cm) of DEAE-cellu- 
lose DE-52 (Whatman, Maidstone, Kent, GB) which was pre- 
equilibrated and eluted with the same buffer. The unretarded 
peak, which constituted the fraction containing basic 

allergens, was pooled and freeze-dried. The column was sub- 
jected to a gradient to elute the other allergens, which are not 
the subject of this study. 

A portion (500 mg) of the freeze-dried ‘basic fraction’ was 
dissolved in 0.05 M NH4HC03 (4 ml) and applied on a column 
(2.5 x 96 cm) of Sephadex G-50 (Pharmacia Fine Chemicals, 
Piscataway, NJ) which was eluted with the same solvent. The 
fractions (4.2 ml) were monitored by reading their absorbance 
at 280 nm. Aliquots (50 p1) of the effluent fractions were also 
used in a solid-phase plate radioimmune assay, described by 
Sakata and Atassi [17] as modified by Schmitz et al. [18], using 
mouse anti-Ra3 antibodies. Authentic Ra3, for the prepara- 
tion of the initial mouse anti-Ra3 antisera, was obtained from 
the Research Resources Branch, National Institute of Allergy 
and Infectious Diseases, (NIH, Bethesda, MD). Fractions 
indicated to contain Ra3 (Fig. 1) were pooled, freeze-dried, 
redissolved in 0.05 M NH4HC03 (3 rnl) and subjected to refilt- 
ration on two columns (2.5 x 95 cm each, connected in series), 
one of Sephadex G-50 and the other of Sephadex G-100, 
which were eluted with the same solvent. Fractions containing 
Ra3 were pooled, and re-chromatographed two more times on 
similar columns (see Fig. 2). The sample was checked by poly- 
acrylamide gel electrophoresis at pH 8.3, solid-phase radioim- 
mune assay and immunoelectrophoresis, and was found to be 
identical to authentic Ra3 from NIH. Recovery of pure Ra3 
was 160 mg from 1870 mg of ‘basic fraction’. The latter was 
obtained from 200 g of pollen. 

2.2 Antisera 

Mouse antibodies against Ra3 were elicited by immunization 
of each mouse in the hind footpads and i.m. with an emulsion 
of equal volumes of a phosphate-buffered saline solution 
(50 pl) of Ra3 (50 pg) and complete Freund’s adjuvant (CFA; 
50 pl) containing Mycobacterium tuberculosis, strain H37Ra 
(Difco Laboratories, Detroit, MI). The mice were boosted by 
the same route 3 weeks after the first injection using a similar 
dose of Ra3 in CFA. Thereafter, the mice were boosted 
monthly. Rabbits were immunized by the same schedule, 
except that they received 200 pg Ra3 per immunization. Sera 
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Figure 1. Gel filtration profile of the “basic fraction” of the ragweed 
extract on Sephadex G-50. The column (2.5 x 96 cm) was eluted with 
0.05 M NH,HC03. The effluent fractions (4.2 ml) were monitored by 
reading their absorbance at 280 nm (-) and by the cpm of antibody 
bound (0) in a solid-phase radioimmune assay using mouse (outbred) 
anti-Ra3 antisera. For details see Sect. 2.1. 
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Figure 2. Gel filtration of the Ra3-containing peak from Fig. 1 on two 
columns (2.5 X 95 cm each; connected in series), one of Sephadex G- 
50 and the other of Sephadex G-100. The columns were eluted with 
0.05 M NH,HC03 and the effluent fractions were monitored by their 
absorbance at 280 nm. The fractions indicated in the upper panel were 
pooled, freeze-dried, redissolved in 0.05 M NH4HC03 (3 ml) and 
reapplied on the same two columns (lower panel). 

were collected prior to immunization and at 10-day intervals 
and kept frozen until use. The antisera used in the present 
studies were the 50-day bleed from a rabbit and a pool of the 
50-day bleeds from two outbred mice (RM8-4 and RM8-5). 
Human sera were obtained from 3 individuals with known 
severe allergy to ragweed. 

2.3 Synthesis and purification of the peptides 

The peptides were synthesized by the solid-phase method. The 
Merrifield resin (0.8 mequiv. of Cl/g) and the Na-t-butoxycar- 
bonyl amino acid derivatives were from Vega Fox Biochemi- 
cals (Tucson, AZ). The side chain protecting groups used were 
arginine, nitroguanidinium; serine and threonine, O-benzyl- 
ether; tyrosine, 2,6-dichlorobenzylether; histidine, im-dini- 
trophenyl; lysine, E-chlorocarbobenzoxy; aspartic and 
glutamic acids, p- and y-benzylesters, while the t-butoxycar- 
bonyl was employed for the protection of all a-amino groups. 
The purity of all the amino acid derivatives was confirmed by 
thin layer chromatography. All organic solvents employed for 
peptide synthesis were of spectroscopic grade and were again 
dehydrated and further purified by fractional distillation. 

Solid-phase synthesis [19] of the Ra3 peptides (see Fig. 4), 
from the known primary structure of Ra3 [6] was performed 
by procedures similar to those described in detail for the syn- 
thesis of myoglobin antigenic sites [20, 211. In the present 
work, the t-boc group was removed by treatment with tri- 
fluoroacetic acid in CH2C12. The peptides were cleaved from 
the resin by HF  at -10°C for 30 min. The dinitrophenyl pro- 
tecting group on the imidazole side chain was removed by 
thiolation. The peptides were purified by gel filtration on 
Sephadex G-25, followed by ion-exchange chromatography on 
CM-Sephadex (C-50) or DEAE-Sephadex (A-50) as previ- 
ously described [20-221. Peptide purity was checked by pep- 

tide mapping [23] , and by amino acid analysis of acid hydroly- 
sates [23]. For the determination of tryptophan, peptides were 
hydrolyzed with 3 M toluene-p-sulfonic acid containing 0.2% 
3-(2-aminoethyl)-indole, as described by Liu and Chang [24]. 

2.4 Preparation and radiolabeling of antibodies 

The IgG fractions of antisera from rabbit, two outbred mice 
and human were prepared as previously described [25, 261 and 
labeled with '''I (Amersham Corp., Arlington Heights, IL) by 
a chloramine-T procedure [27]. Unbound '''1 was separated 
from the radiolabeled samples by gel filtration on Sephadex G- 
15. Protein-linked "'I was assayed by precipitation with 10% 
trichloroacetic acid (v/v). The specific radioactivities of the 
labeled IgG fractions were 17-23 pCi/pg = 629-851 kBq/pg. 

2.5 Preparation of Sepharose immunosorbents 

The proteins (Ra3, or unrelated control proteins human adult 
hemoglobin and bovine serum albumin) and the synthetic pep- 
tides were coupled to CNBr-activated [28] Sepharose CL-4B 
(Pharmacia) under the optimum conditions previously 
described [29]. The amounts of proteins and peptides used in 
the coupling reaction were 2.0 mg and 0.9 mg per ml packed 
Sepharose, respectively. The extent of coupling was quanti- 
tated by amino acid analysis of each adsorbent (50 pl) hydro- 
lyzed in constant boiling HC1 in vacuum-sealed tubes. Analysis 
on triplicate samples indicated a substitution of 1.0-1.2 mg 
and 0.4-0.5 mg per ml packed volume for proteins and pep- 
tides, respectively. 

2.6 Determination of antibody binding 

To determine the immunochemical activities of the protein 
and peptide fractions, uantitative immunosorbent titrations 
of fixed amounts of I-labeled immune IgG and various 
amounts of peptide or protein adsorbents were used as previ- 
ously described for myoglobin antigenic sites [29]. Nonspecific 
adsorption was determined by titrating equivalent volumes of 
uncoupled Sepharose, hemoglobin-Sepharose, bovine serum 
albumin-Sepharose and Sepharose adsorbents of two unre- 
lated synthetic peptides of hemoglobin a chain of equal size to 
the Ra3 peptides (i .e.  a 1-15 and 91-105, [lo, 261) under iden- 
tical conditions. The values of "'1-labeled immune IgG bound 
by the various adsorbents and reported in Table 2 were cor- 
rected for this nonspecific binding. 

The specificity of antibody binding to peptide adsorbents was 
confirmed by inhibition experiments. In these studies, the 
appropriate adsorbents and labeled IgG fractions were 
allowed to react as above in the presence of either Ra3 
(0.5 mg/ml) or unrelated proteins, human hemoglobin A and 
bovine serum albumin (1 mg/ml). After correction for non- 
specific binding the amount of radioactivity bound in the pres- 
ence of Ra3 (inhibited values) was expressed as a percentage 
of that bound in the absence of inhibitor (uninhibited values) 
and compared to the effects of the unrelated proteins. 

75 

3 Results 

3.1 Synthesis, purification and characterization of the peptides 

The synthetic strategy is shown schematically in Fig. 3, and the 
primary structures of the peptides are given in Fig. 4. After 
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cleavage and deprotection, each peptide gave by ion-exchange 
chromatography a major chromatographic component. The 
latter migrated as a single spot in high-voltage paper elec- 
trophoresis, and was confirmed by amino acid analysis to be 
the desired product. The results of the amino acid analyses of 
the deprotected and purified synthetic peptides are given in 
Table 1. The compositions found for these peptides agree well 
with the expected values. 

3.2 Binding of IgG antibodies to peptide and protein 
adsorbents 

Quantitative immunosorbent titrations were performed using 
fixed amounts of '251-labeled immune IgG and increasing 
amounts of adsorbents. The immune IgG fractions were iso- 
lated from anti-Ra3 antisera of rabbit, mouse (outbred) and 
human, and their binding profiles determined to all the over- 
la ping peptides. Fig. 5 shows an example of a titration with 
l2 I-labeled mouse anti-Ra3 antibodies (RM8-4) and Table 2 
summarizes the binding values in the plateau region, with rab- 
bit, outbred mouse and human antisera. Table 2 also sum- 
marizes recently reported [30] binding results of human IgE 
antibodies to Ra3 and its synthetic peptides. 

s 

1 101 

1 15 21 35 41  55 6 1  75 8 1  95  ---- 
1 1  25  31  45 51 65 71 85  91 101 --- 

Figure 3. Schematic presentation of the synthetic overlapping pep- 
tide strategy that was employed for the delineation of the continuous 
antigenic sites of Ra3. The strategy relied on the synthesis of the entire 
polypeptide chain in 15-residue peptides (except for peptide 91-lOl), 
each overlapping its two adjacent neighbors by 5 residues on both 
sides. 

PEPTIOE 

1-15: 

11-25: 

21-35: 

31-45: 

41-55: 

51-65: 

61-75: 

71-85: 

81-95: 

91-101: 

___ 

SYNTHETIC OVERLAPPING PEPTIOES OF Ra3 

G1 y-Lys-Val-Tvr-Leu-Val-Glv-G I v-Pro-Glu-Leu-Gl y-G I v-Trp-Lys 

L e u 4 1  y-tily-Trp-Lys-Leu-Gln-Ser-Asp-Pro-Arq-Ala-Tyr-Ala-Leu 

Arq-A1 a-Tyr-Al a-Leu-Trp-Ser-A1 a-Arq-G In-Gln-Phe-Lys-T hr-Thr 

Gln-Phe-Lvs-Thr-Thr-Asp-Val-Leu-Trp-Phe-Asp-Phe-Thr-Tilr-Gly 

Asp-Phe-T hr-Thr-G I y-G lu-Asp-Ser-Val-Al a-G lu-Val-Trp-Arq-G Iu 

Glu-Val-Trp-Arq-Glu-Glu-Ala-Tyr-His-Ala-Ala-Asp-Ile-Lvs-Asp 

Al a-Asp-I le-Lys-Asp-Pro-1 le-Arq-Leu-Glu-Pro-GI y-G1 y-Pro-Asp 

Pro-GI y-Gl y-Pro-Asp-Arq-Phe-T hr-Leu-Leu-T hr-Pro-GI y-Ser-H i s  

Thr-Pro-Glv-Ser-His-Phe-I le-A1 a-Thr-Lvs-Asp-Gln-Lvs-Phe-Val 

Asp-Gln-Lvs-Phe-Val-Ala-Ala-Val-Pro-Glv-Arq 

Figure 4. Primary structures of the synthetic Overlapping Ra3 pep- 
tides. The numbers refer to the position of the residues in Ra3. The 
underlined parts represent the regions on a peptide that overlap with 
the preceding and following peptides. Note that cys-61,88 and 97 were 
replaced by alanine in peptides 51-65,61-75 and 91-101. For details, 
see Sect. 3.1. 

Several peptide adsorbents showed very little (below 3%) or 
no binding activity throughout the titration range. These were 
for the rabbit, mouse and human IgG antibodies peptides 
41-55,61-75,81-95 and 91-101. However, the other peptides 
exhibited considerable antibody-binding capacity and were 
therefore unambiguously active. Essentially the same set of 
peptides was active with rabbit, mouse and human IgG anti- 
bodies. These peptides were 1-15,11-25,21-35,31-45,51-65 
and 71-85. 

The titration curves for adsorbents of Ra3 rose more sharply 
and attained a maximal value at lower amounts than those of 
the immunosorbents of the peptides. This is consistent with 
the observation that peptides, even though active, will have 
predominantly random conformations and thus diminished 
affinities for their antibodies [23]. Further, a considerable 

Table 1. Summary of the amino acid compositions of the synthetic peptides") 

Amino Amino acid composition (residuedmolecule) 
acid Peptide 1-15 1 1-25 21-35 31-45 41-55 51-65 61-75 

- 
- 
- 

1.08 (1) 
1.03(1) 
5.09 (5) 

1.90(2) 

2.12 (2) 

- 

- 

0.82 (1) 
- 
- 

1.99(2) 
0.88 (1) 

- 

1.03(1) - 
1.09(1) 

1.09(1) 
1.08(1) 

2.91 (3) 
1.93 (2) 

- 
- 

2.22 (2) 
0.89(1) 

- 
- 

1.19 (1) 

0.89 (1) 
1.09(1) 

- 
2.02(2) 
0.86 (1) 
2.02(2) 

- 
- 

3.13(3) 
- 
- 

0.92 (1) 
0.99 (1) 
l.OO(1) 

l.OO(1) 
1.73(2) 

- 
0.94 (1) 

2.21 (2) 
3.80 (4) 

- 
0.89 (1) 

1.18 (1) 

1.28(1) 

1.05 (1 )  

2.69 (3) 

0.95 ( I )  
1.13 (1) 

- 

- 

- 

- 

- 

- 

2.12(2) 
1.86 (2) 
1.04(1) 
2.79(3) 

] . lo(  1) 
1.23 (1) 
2.29(2) 

- 

- 
- 
- 

0.80(1) 
- 
- 

0.82 (1) 
1.13 (1) 

2.29 (2) 
- 
- 

3.03 (3) 

1.23(1) 
2.97 (3) 
0.93(1) 
0.82(1) 

- 

- 
0.%(1) 

- 
0.92 (1) 
1.17(1) 
0.90 (1) 
1.01(1) 

3.19(3) 
- 
- 

1.03(1) 
3.16(3) 
1.97(2) 
0.89 ( 1 )  

1.70 (2) 
- 

O.% (1) 
- 
- 
- 

0.90 (1) 
- 

0.98(1) 

71-85 

1.07 (1) 
1.98 (2) 
1.15(1) 

2.89 (3) 
3.12(3) 

- 

- 
- 
- 

1.88 (2) 

1.00(1) 

1.00(1) 

- 
1.13(1) 

- 
- 

81-95 

1.02(1) 
1.95(2) 
0.87 (1) 
1.16 (1)  
0.91 (1) 
0.96 (1) 
l.oo(1) 
1.09(1) 
0.95 (1) 

- 
- 

2.03 (2) 

2.16(2) 
1.00(1) 

- 
- 

91-101 

1.22(1) 
- 
- 

0.96(1) 
0.74 (1) 
0.92(1) 
2.06 (2) 
2.00 (2) 

- 
- 
- 

1.08(1) 

1.03(1) 

1.08( 1) 

- 

- 

a) The values represent the average of 4 or more replicate analyses at 22,48 and 72 h. The values of serine and threonine were obtained by 
extrapolation to zero hydrolysis time. The values expected from the structures of the respective peptide (see Fig. 4) are given in parentheses. 
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Figure 5. An example of a quantitative radioimmunosorbent titration 
of mouse anti-Ra3 antibodies with peptide adsorbents. For the titra- 
tion, fixed amounts of 1z51-labeled anti-Ra3 immune IgG 
(1.95 X lo5 cpm), from outbred mice RM8-4, were titrated with 
increasing amounts of adsorbent of Ra3 and the 10 synthetic overlap- 
ping Ra3 peptides. Ra3 (+); peptide 21-35 (0); peptide 1-15 (0); 
peptide 51-65 (0); peptide 31-45 (A); peptide 71-85 (A); and pep- 
tides 41-55, 61-75, 81-95 and 91-101 (.). Each point represents the 
average of 6 replicate analyses which vaned f 1.3% or less. For details 
see Sect. 3.2. 

1 101 
R a 3  

Antigenic Si tes  
8 17 28 38 53 63 7 3  83 

Rabbi t  IgG - - - -  
M o u s e  IgG - - - -  
Human I g G  - __ - -  

8 17 28 38 53 63 73 6 3  

8 17 26 38 53 63 73  83 

Allergenic Si tes  
8 17 28 38 53 6 3  73  83 

Human IgE - - - -  

Figure 6. Schematic diagram showing the chain of Ra3, and its anti- 
genic sites that have been localized with rabbit, mouse and human IgG 
antibodies to Ra3, as well as by human IgE antibodies. The numbers 
refer to the locations of the residues in the Ra3 chain. It is not implied 
that the antigenic sites comprise the entire size of the regions shown, 
but rather that they fall within these regions. For details see Sect. 4. 

proportion of a peptide on the immunosorbent is expected to 
have been rendered inactive due to attachment of the peptide 
via side chains that are also essential for binding with anti- 
body, and to steric inaccessibility [29, 311. The binding of anti- 
bodies to these peptide-adsorbents, however, was completely 
inhibited by the addition of free uncoupled Ra3 to the reaction 
(results not shown) but not by unrelated proteins (bovine 
serum albumin, human adult hemoglobin A). Also, none of 
the peptides bound labeled IgG from pre-immune sera of 
mouse and rabbit or antibodies to unrelated proteins (bovine 
serum albumin, human hemoglobin A and sperm whale myo- 
globin). These findings indicated unambiguously that anti- 
bodies reacting with the peptide adsorbents are specific for 
Ra3. 

It should be cautioned that the calculated sum of the activities 
of the peptides with each of the antisera must be considered in 

Table 2. Binding of anti-Ra3 antibodies to synthetic Ra3 peptide$) 

Protein Antibodies bound to (A cpm) from various antisera 
or Human , Rabbit Mouse (outbred) 
peptide IgE IgG anti- IgG IgG 
adsorbent anti- bodies anti- (Rh48-4) (RM8-5) 

IgG 

bodiesb) bodies 

Ra3 
1- 15 

11- 25 
21- 35 
31- 45 
41- 55 
51- 65 
61- 75 
71- 85 
81- 95 
91-101 

17360 
2 590 

920 
4 580 
4 150 

580 
5340 

800 
3 970 

310 
0 

13 030 
5 160 

890 
2 610 
3 920 

0 
1900 

0 
1 290 

0 
0 

16550 
6 720 
1370 
5 950 
4 220 

0 
2 420 

0 
1 070 

0 
0 

16750 
7600 
1660 
8OOO 
6 850 

0 
7210 

0 
4 130 
300 

0 

23860 
6850 
1 490 
5090 
6 250 

0 
6 550 

0 
4 710 

320 
0 

a) The results in this Table summarize the maximum binding values 
obtained in the plateau by quantitative radioimmunosorbent titra- 
tions. The values represent the average of 3 or more replicate 
analyses which varied k 1.4% or less. A fixed amount of 
radiolabeled immune IgG (2 X lo5 cpm) was used in these titra- 
tions. Human IgE binding was determined by a double antibody 
assay using '=I-labeled immune IgG (lo5 cpm) from rabbit anti- 
human IgE antiserum. Baseline control antigens were bovine 
serum albumin, human hemoglobin, sperm whale myoglobin and 
hemoglobin synthetic peptide al-15. Values not significantly > 0 
by Student's t-test (p < 0.05) are reported as 0. 

b) The binding data with human IgE antibodies are from [30]. 

the context of the structures of the peptides and their overlaps, 
which were designed to detect antigenic sites located in the 
overlapping regions between adjacent peptides (see Sect. 4). 
Thus, adjacent overlapping peptides that have similar 
activities may be expressing identical specificities. 

4 Discussion 

For a protein of an unknown antigenic structure, two architec- 
tural alternatives for its antigenic sites (continuous or discon- 
tinuous [32]) should be anticipated. The sites may occupy con- 
tinuous segments of the protein chain (e.g. the continuous 
antigenic sites of myoglobin [33]) or may be formed by 
residues that are not contiguous in sequence but come in close 
spatial proximity in the three-dimensional structure (e.g. the 
discontinuous antigenic sites of lysozyme [34]). Continuous 
antigenic sites were inferred very early (for recent review of 
these early studies, see [35]), and the first complete antigenic 
structure of a protein (i.e. myoglobin) revealed 5 continuous 
sites [33]. Therefore, contrary to recent impressions [36-391, 
continuous sites are not a new discovery. Discontinuous sites, 
although proposed relatively early [23], were first discovered 
in lysozyme and confirmed unequivocally by surface-simula- 
tion synthesis [34, 40, 411. The antigenic structures of myoglo- 
bin and lysozyme were each determined by a multi-approach 
intricate chemical and synthetic strategy which is labor inten- 
sive and requires considerable chemical expertise [33, 421. To 
simplify the localization of continuous antigenic sites, this 
laboratory introduced [9] a comprehensive synthetic strategy, 
specifically intended for the localization of the full profile of 
the continuous sites of immunological activity on a protein. It 
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consists of the synthesis of a series of consecutive overlapping 
peptides that have uniform size and overlaps, and encompass 
the entire protein chain (for more details, see 19, 101). 

The Ra3 peptides designed here (Fig. 3) consisted of 15 
residues (except for peptide 91-101) and overlapped by 5 
residues. For the localization, the antigenic sites were consid- 
ered to consist of 7 residues, and, at least 5 of these residues 
are required for binding to antibody [33]. Antibody-binding 
activities in adjacent peptides may localize in the overlap re- 
gions and such similar activities were confirmed by adsorbent 
experiments. Four antigenic sites were localized on Ra3 by 
IgG antibodies from human, rabbit and mouse. Significantly, 
the same regions were also recognized by human IgE anti- 
bodies [30]. The sites reside in, but do not necessarily include 
all of the regions shown in Fig. 6. It should be emphasized that 
the precise boundaries of the sites are yet to be determined, 
and that they are intentionally enlarged here to avoid errors 
stemming from narrow assignments at this stage. Further 
synthetic studies, overlapping within the assigned regions, are 
required to define the precise boundaries, upon which small 
boundary shifts should not be unexpected [20, 21, 331. It 
should also be expected that the regions assigned to the anti- 
genic sites are influenced, to various degrees, by spatially 
close, or even by more distant residues in native Ra3. It is 
shown that antigenic sites exist in a steric and electronic 
equilibrium with neighboring residues [43, 441, and their reac- 
tivities are affected by changes or pertubations in environmen- 
tal, and even more distant residues [45]. 

The finding that several of the peptides exhibited very low 
(below 3%) antibody-binding activity (Table 2) indicated the 
presence of trace antibody responses to regions outside the 4 
sites localized above. These antibodies, which were difficult to 
quantitate because they existed in trace amounts, accounted 
for less than 1-2% of the total anti-Ra3 antibodies. Thus, 
apparently inactive regions of Ra3, interspersed among the 
immunodominant sites, may be recognized by amounts of anti- 
bodies that are below detection levels by these sensitive 
methods. This would appear to be a general phenomenon for 
proteins and has been observed with hemoglobin Q chain [lo] 
and p chain [12], myoglobin [33] and lysozyme [34]. In these 
proteins, a general background response [46] to regions out- 
side their antigenic sites accounted for 0.1-1.4% of the total 
anti-protein antibodies. It has been proposed [46] that such 
trace antibody responses can be expanded by the hybridoma 
technology [47]. Indeed, monoclonal antibodies to myoglobin 
[48, 491 and to lysozyme [50] have been reported whose sub- 
molecular specificities are not detectable in the anti-protein 
antisera. It has been cautioned [46] that localization of protein 
antigenic sites, if done by monoclonal antibodies, should be 
carefully evaluated with regard to in vivo relevance. The exis- 
tence of such specificities in the antisera of the parent animal 
should be confirmed. 

The present findings show unambiguously that Ra3 has dis- 
crete antigenic sites which, although varying in immunodomi- 
nance from serum to serum, are similarly recognized by 
human, rabbit and mouse IgG antibodies. Significantly, these 
are the same sites that are recognized by human IgE anti- 
bodies [30]. This is in agreement with our conclusions (from 
myoglobin [33, 451 lysozyme [34], serum albumin [31, 51, 521, 
the a chain [lo] and the p chain [ll, 121 of human hemoglobin 
and influenza virus hemagglutinin [53, 541) that the regions of 
protein antigenic sites are not dependent on the immunized 

species [55, 561, but rather are determined by their conforma- 
tional locations [56]. Thus, the present and the previous find- 
ings do not support the recent assertions [57] that protein anti- 
genic sites are not discrete areas on a protein but represent a 
“continuum of recognition” over the entire protein molecule, 
that they vary with the host species and even with individual 
animals within a given species and that the very idea of localiz- 
ing and synthesizing antigenic sites is a meaningless endeavor 
[57]. These proposals are a reserruction of an erroneous and 
outdated impression of antigenicity, especially in view of the 
massive amount of recent information on the localization and 
synthesis of antigenic sites of a number of proteins, viruses, 
bacteria, etc. 

The Ra3 antigenic sites are not predictable from the empirical, 
hydrophilicity profile appraoch [58]. Indeed, the region 88-93 
was predicted [58] to be an antigenic site because it has the 
highest average hydrophilicity in the protein. The present find- 
ings clearly show that this prediction is not validated. The 
antigenic structures of myoglobin [33] and lysozyme [34] were 
the first indication that protein antigenic sites are exposed and 
that their antigenicity is determined by their conformational 
locations [56].  However, not every exposed region is an anti- 
genic site. Exposure is not a sufficient criterion for antigenicity 
[33, 341, and antigenic sites are not necessarily in highly hy- 
drophilic locations [lo, 531. Hydrophobic interactions make 
major contributions to the binding energy [33, 53, 591. This 
subject has been discussed in detail elsewhere [53, 601. 

In conclusion, we have systematically screened the entire Ra3 
molecule by a comprehensive synthetic strategy and localized 
the full profile of the continuous sites recognized by IgG anti- 
bodies in rabbit, outbred mouse and human antisera. The pro- 
file is independent of the immunized species. Furthermore, 
the sites reside in the same regions that are recognized by 
human IgE antibodies in ragweed-sensitive individuals. This is 
the first allergen for which the full IgG and IgE recognition 
profiles have been determined. 

Received June 3, 1985; in revised form September 19, 1985. 
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