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Abstract

The ragweed allergens Amb t 5 and Amb a 5 are among the smallest inhaled protein allergens known, containing a single,
immunodominant T-cell epitope. In this study we analyzed the B-cell epitope structure of Amb t 5. The three-dimensional structures
of Amb t 5 and Amb a 5 have been determined by NMR spectroscopy, providing a rare opportunity to analyze three-dimensional
antigenic sites. Amb t 5 residues likely to be important for antigenicity were identified by examining the surface area of Amb t '3
accessible to a probe of the size of an antibody molecule. After changing these residues to the corresponding Amb a 5 residues,

" recombinant proteins were purified and tested for loss of antigenic activity. Inhibition radio-immunoassays, using sera from 8
individuals who had received immunotherapy with giant ragweed extract, allowed the mutations to be divided into three groups: (1)
mutations that had little or no effect on antibody binding, (2) mutations that caused a loss of antigenic activity to a different degree
in different sera and (3) mutations that drastically reduced antigenic activity in all sera tested. This last set of mutations clustered in
the third loop of Amb t 5, suggesting that antibody recognition of Amb t 5, like T-cell recognition, is primarily directed towards a

single, immunodominant site. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The structural elements of protein allergens are recog-
nized at two levels by the immune system. T-cells recog-
nize a short, linear peptide fragment bound to a major
histocompatibility complex class II molecule, whereas B-
cells produce IgE and IgG antibodies that can react either
with linear epitopes or to antigenic sites that are deter-
mined by the tertiary structure of the protein (Benjamin
et al., 1984; Germain, 1991). Inmunochemical studies of
allergens provide information about these immunogenic
sites and have resulted in the development of exper-
imental desensitization protocols that aim to provide a
safer and more effective treatment for allergic diseases
(Briner et al., 1993; Norman, 1993). To date, multiple
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allergens have been cloned and their primary structures
probed for the presence of B- and T-cell epitopes (Joost
van Neerven et al., 1993; Liebers et al., 1993; Seiberler et
al., 1994; van Kampen et al., 1994; Zhu et al., 1995).
These mapping studies have mostly been performed with
synthetic peptides, a method that is sufficient for deli-

-neating T-cell epitopes and B-cell epitopes that are com-

prised of linear amino acid sequences. Synthetic peptides,
however, can not be used to identify B-cell epitopes of
many important allergens such as the major ragweed, cat
and mite allergens, because antibody recognition of these
molecules is primarily directed towards conformational
determinants (Olson and Klapper, 1986; Nilsen et al.,
1991; O’Brien and Thomas, 1994; Seiberler et al., 1994;
Vailes et al., 1994). Identification of conformational epi-
topes on structurally complex allergens can provide
insight into which structural elements are important in
antigenicity/allergenicity and may help to explain the
clinically relevant allergenic crossreactivity that occurs
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between allergens from distantly related species (Ebner
et al., 1995; Frankland, 1995). .

To examine how a group of structurally complex aller-
gens is recognized by human B-cells, we chose to study
the homologous ragweed allergens, the Amb 5s. Amb t 5
(from giant ragweed, Ambrosia trifida) and Amb a 5
(from short ragweed, Ambrosia artemisiifolia) are among
the smallest protein allergens defined to date, consisting
of a single polypeptide chain of 40 and 45 amino acids
respectively (Mole et al., 1975; Goodfriend et al., 1985).
Specific immune responsiveness to both proteins is stron-
gly associated with DR(x,f1*1501) (Marsh et al., 1982a,
1982b; Huang et al., 1991) and cellular and molecular
evidence suggest that the molecules contain a single,
immunodominant T-cell epitope (Rafnar et al., 1993; Zhu
et al., 1995). Amb a 5 and Amb t 5 have amino acid
sequence identity of 45%, with each protein containing
8 conserved cysteine residues, all of which participate in
disulfide-bond pairing. The immunological and physical
properties of Amb t 5 and Amb a 5 have been studied
extensively; both proteins have been cloned (Ghosh et al.,
1991, 1993) and sequenced and their three-dimensional
structures have been derived by NMR spectroscopy
(Metzler et al., 1992a, 1992b). The Amb 5 allergens thus
provide an exceptional opportunity to study the relation-
ship between structure and immunological activity.
Topologically, the structures of Amb t 5 and Amb a 5
are very similar; both molecules contain a triple-stranded
p-sheet, three loops and a C-terminal a-helix. Despite
their overall structural homology, Ambt 5 and Amb a 5
are essentially non-crossreactive antigenically (Good-
friend et al., 1985; Roebber et al., 1985), a feature that
was used in the design of this study.

Here, we examined the B-cell epitope structure of Amb
t 5, using mutagenesis of recombinant proteins. Amino
acids of Amb t 5 predicted to be parts of antigenic sites
(Novotny et al.,, 1986) were mutated into the cor-
responding Amb a 5 amino acids. The resulting molecules
were tested for loss of Amb t 5 activity and gain of
Amb a S activity. Our results show that while different
individuals have distinct profiles of epitope recognition,
loop 3 of Amb t 5 contains an immunodominant B-cell
epitope that is responsible for a large portion of the IgG
antibody response to Amb t 5.

2. Materials and methods

2.1. Isolation of pollen proteins and generation of Amb t
5 mutants

Amb a 5 and Amb t 5 were purified from short and
giant ragweed pollens (Greer Labs, Lenoir, NC) as pre-
viously described (Metzler et al., 1992a, 1992b). The clon-
ing and expression of recombinant Amb t 5 (rAmb t 3)
in the pGEX-2T vector has been described (Ghosh et al.,

1991; Rafnar et al., 1992). Mutations were introduced
into Amb t 5 using oligonucleotide-directed mutagenesis,
using a three step mutagenesis protocol (Nelson and
Long, 1989). The resultant, full-length, mutated rAmb t
V molecules were ligated into the pGEX-2T vector (Smith
and Johnson, 1988). Multiple mutations were introduced
in the same manner, using rAmb t V molecules with
single or double mutations as templates. All mutants
were sequenced using the dideoxy sequencing procedure
(Sequenase, USB).

The rAmb t 5 mutant proteins were produced in E. coli
as fusion proteins with the 26 kDa polypeptide from
Schistosoma japonicum glutathione S-transferase (GST)
(Smith and Johnson, 1988). The fusion proteins were
isolated from E. coli lysates by affinity chromatography
on glutathione-agarose (Sigma). The bound proteins
were digested with thrombin overnight at 22°C to release
the rAmb t 5 from the GST fusion partner; subsequently
the thrombin in the eluate was inactivated by passage
over benzamidine beads (Promega). The rAmb t V pro-
teins were concentrated by ultrafiltration (Microcon-3,
Amicon) and their concentrations were determined by
Coomassie staining of SDS acrylamide gels and by the
Bradford reagent method (BioRad). SDS-PAGE of the
Amb t 5 proteins was performed using 5-20% acrylamide
linear gradient gels, followed by fixing and staining with
Boston stain (25% methanol, 10% trichloroacetic acid,
3% sulfosalicylic acid, 0.9% Coomassie blue) and
destaining in a solution containing 7.5% acetic acid and
10% methanol.

2.2. Double-antibody radioimmunoassay (DARIA)

Inhibition of antibody binding to rAmb t 5 by mutant
rAmb t Vs was measured by competition DARIA (Roeb-
ber et al., 1982; Roebber et al., 1985). Human antisera
were obtained from ragweed-allergic individuals who had
previously received immunotherapy with giant ragweed
extracts and who had been found to produce substantial
1gG antibody responses to Amb t 5. Briefly, 1 ng of 1°I-
labeled rAmb t 5 protein was incubated for 4 h at 23°C
with a 1/10 dilution of human serum in the presence of
tenfold dilutions (50-0.05 ng) of the mutant rAmb t 5
molecules as a competitor. The same dilutions of unmu-
tated rAmb t 5 were used as control. 100 ul of 1/2 dilution
of goat anti-human IgG antisera were added and the
incubation continued at 4°C overnight. The precipitate
was pelleted, washed 4 times in borate-buffered saline and
counted. Percent inhibition (%) was calculated using the
formula: %J/=(4— B)/A x 100 where A is (cpm of test
serum without inhibitor —cpm of negative control serum)
and B is (cpm of test serum with inhibitor — cpm of nega-
tive control serum). In addition to the human sera, anti-
Amb t 5 antisera produced in rabbits and goats were used
for identical inhibition analysis (Roebber et al., 1985).
These sera were used at 1:1000 dilution, followed by 1:10
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dilution of goat anti-rabbit IgG or 1:5 dilution of rabbit
anti-goat IgG second antibodies.

To examine potential gain of Amb a 5 antigenic activity
of the rAmb t 5 mutants, radiolabeled Amb a 5 was
incubated with 1:10 dilution of serum from short
ragweed-allergic individuals. Increasing amounts of
mutated rAmb t 5 molecules were added and the percent
inhibition was calculated as above.

2.3. Prediction of antigenic sites

Potential antigenic sites were identified using the meth-
odology of Novotny and co-workers, who, for a variety
of proteins, including myoglobin, lysozyme, cytochrome
¢ and myohemerythrin, have shown that peaks in the
contact surface area profile of a protein correlate well
with the location of the experimentally determined anti-
genic epitopes (Novotny et al., 1986). To estimate the
antigenic potential of the various regions of Amb t 5, we
calculated their contact surface areas by determining the
van der Waals’ surfaces contacted by a spherical probe
of 10 A. Conceptually, the contact surface area is a set of
patches representing those portions of the surface that
are in actual contact with the probe. Residue-contact
areas plotted in the profile were obtained by summing
the computed atom-contact areas.

3. Results and discussion

3.1. Selection of candidate amino acids and generation of
mutant Amb t 5

To determine which amino acids of Amb t 5 are likely
to be important in antibody binding, several charac-
teristics of Amb t Sand Amb a 5 were taken into account.
First, the B-cell epitopes are conformational in nature.
Thus, overlapping synthetic peptides corresponding to
the entire sequence of Amb a 5 show no trace of antigenic
activity. Furthermore, both Amb t 5 and Amb a 5 lose all
antibody binding upon denaturation and neither protein
reacts to human antibodies on Western blots (data not
shown). Finally, reduced and alkylated Amb t 5 has no
activity in the inhibitory radio-immuno assay. Second,
although structurally similar, Amb a 5 and Amb t 5 are
non-crossreactive antigenically. This suggests that the
major antigenic sites lie in regions where there is relatively
little sequence homology between the two molecules, the
three loops (Figure 1). These loops are located at the
exposed surfaces (Figure 1b) where they would be access-
ible to antibodies. To identify amino acids in Amb t 5
potentially involved in the antigenic sites, we used the
method of Novotny et al. (1986), which predicts antigenic
sites by examining the contact surface areas of proteins
that are accessible to a probe that is the approximate size
of an antibody molecule. Four amino acids in Amb t 5

were identified as highly accessible: Ile.,, Lys,s and Tyr,s
in loop 3 and Lys; in the C-terminal alpha helix (Figure
2a). Tyrys is conserved between Amb t 5and Amb a 5, so
there was no reason to mutate this residue. However,
because Pro,, could be conformationally constraining,
we opted to mutate this residue instead. Lys;, is also
conserved between Amb t 5 and Amb a 3; therefore,
Asn;g was selected as an alternate residue in this region.
In addition, Thry and Asny, in loop | and Val,,, Gly;s
and Lys;s in loop 2 were selected for mutagenesis.
Although these residues are less exposed than those in
loop 3, they lie on the opposite side of the Amb t 5
structure and thus provide a more extensive probe of the
Amb t 5 surface. In total, nine amino acids were selected
for mutation.

Each of the candidate Amb t 5 amino acids was chan-
ged into the corresponding Amb a 5 residue. This
mutational scheme was chosen primarily for two reasons.
First, since Amb t 5 and Amb a 5 do not crossreact,
amino acid substitutions of this kind would be expected
to result in a change in antigenic activity. Second, because
Amb a 5 is structurally related to Amb t 5, these sub-
stitutions are less likely to cause disruption of the overall
structure of Amb t 5. Each of the nine selected mutations
was individually introduced into the Amb t 5 sequence
using oligonucleotide-directed mutagenesis.

3.2. Effect of single mutations on rAmb t 5 antigenicity

To examine the effect single mutations have on the
antigenicity of Amb t 5, each single mutant was used to
inhibit binding of human IgG to rAmb t 5. We have
previously shown that rAmb t 5, produced and purified
by the methods used here, is antigenically and structurally
identical to nAmb t 5 (Rafnar et al. 1992); furthermore,
these two proteins can be used interchangeably in the
inhibition RIA. Sera from 8 allergic individuals who pre-
viously received immunotherapy with giant ragweed
extract were tested; a set of inhibition curves originating
from patient 2 is shown in Fig. 3. In some cases, shifts in
inhibition curves indicated a loss of antibody affinity
towards a mutated molecule; however, the same mol-
ecules could inhibit over 95% of antibody binding at high
concentrations. The mutated Amb t 5 molecules varied in
their ability to inhibit binding; several mutants inhibited
binding as efficiently as unmodified rAmb t 5, while other
mutants were able to inhibit only between 45-80% of
total binding. The maximum inhibition attained with
each mutant is summarized in Table 1. These data show
that, while some mutations have little or no effect on
epitope structure (T9N, V14K, K16A), other mutations
result in partial inhibition in individual sera (NI0V,
GI5R, K24R, N38K). Strikingly, two mutations in loop
3 (P21D, 122P) resulted in significant loss of antigenic
activity for all sera tested, suggesting that this region
contains an immunodominant antigenic site.
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Fig. 1. (a) Sequence alignment of Amb t 5§ and Amb a 5. Amino acids identical in both proteins are in bold. Amino acids that were substituted are
indicated with an asterisk (*). Also included are the assignments of the three beta sheets (81-3), the alpha helix (x1) and the three loops (L1-3). (b)
A ribbon representation of the three-dimensional structure of Amb t 5 is colored to highlight residues identical in Amb t 5 and Amb a 5 (green) and

residues mutated in this work (red). Disulfide bridges are shown in yellow.

3.3. Multiple mutations within loops of rAmb t 5

To analyze further the immunogenic structures within
the loops of Amb t 5, multiple mutations were introduced
into each loop. Thus, molecules with mutations in loop
1 (T9N and N10V), loop 2 (V14K and K16A) or loop 3

(P21D, I22P, and K24R) were generated and assayed
(Table 1). In accordance with the single mutants, multiple
mutations in loop 3 resulted in significant loss of antigenic
activity in all the sera tested, again suggesting the pres-
ence of a major antigenic site in the mutated region. The
rationale behind mutating only amino acids 14 and 16 in
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Table 1

Maximum inhibition (%) of binding of rAmb t 5 to human and animal sera

Mutant Patient Patient Patient Patient Patient Patient Patient Patient Rabbit Goat
12 2 3 4 5 6 7 8
rAmbt$ 100 99 97 92 95 95 99 99 99 99
TIN 100 98 93 96 99 94 99 99 99 99
NIOV 95 78 97 58 94 94 71 95 95 76
V14K 100 97 93 81 89 91 99 99 96 99
GI5R 99 98 72 96 81 61 82 78 96 97
K16A 96 98 96 97 95 94 99 85 96 98
P21D 57 48 69 55 65 86 85 84 66 96
122P 52 44 45 52 66 52 80 85 60 99
K24R 75 77 90 73 96 80 99 99 84 100
N38K 100 97 91 84 87 95 99 78 72 94
Loop 1° 99 97 99 59 99 97 96 95 98 82
Loop 2° 58 98 . 80 70 74 78 74 75 89 96
Loop 3° 42 ND*¢ 55 65 46 53 82 68 63 99

* Patients 1-8 denote sera from 8 Amb t 5-allergic individuals.

® Multiple mutants are defined by loop 1 (T9N,

N10V), loop 2 (V14K, K16A) and loop 3 (P21D, 122P, K24R). ¢ ND: not determined.

loop 2 was to see if the two mutations together added
up to more antigenic change than the sum of the two
individual mutations. This was indeed the case in 7 of the
& human sera tested. Mutations in loop 1 resulted in loss
of activity in only one patient (patient 4). It is notable
that in some sera, the effect of multiple mutations was
less than that of single mutations alone. For example, in
patient 3 a single mutation at site 22 resulted in only 45%
of normal antigenic activity while the molecule with all
three mutations in loop 3 was able to inhibit 55% of
antibody binding. These results were highly reproducible
for each individual (less than 2% variation between mul-
tiple readings of the same sera). A possible explanation
for this observation can be offered when the nature of

the mutations is examined. Mutation of amino acid 22
results in the substitution of a proline for an isoleucine,
while mutation of amino acid 21 leads to the substitution
of an aspartic acid for a proline. In the I122P substitution,
the resultant molecule contains two consecutive proline
residues, both of which will cause the loop structure to
be conformationally restricted. Conversely, the P21D
substitution leaves the loop without a proline residue
which may be needed for proper orientation of this loop.
After all three mutations have been inserted, loop 3 is
again left with one proline, potentially allowing for more
natural bending of the whole loop.

The epitope structure of Amb t 5 was also analyzed
using antisera raised in rabbit and goat (Table 1). The
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(b)

Fig. 2. (a) Contact surface area profile for Amb t 5. Peaks in the profile (horizontal bars) indicate regions of high accessibility to antibody binding:
L2, Kas, Yo and Ka,. (b) Molecular surface plot of Amb t 5 colored to highlight regions probed by mutagenesis: P21-K,, and K;,~Ny, (red); To-N,,
and V,;~K (cyan). The orientation in this figure was obtained by rotating - 180 about the z-axis relative to the orientation shown in Fig. 1(b).

rabbit antiserum showed similar results to the human
sera in that mutations in loop 3 caused a drastic loss of
antigenic activity. Smaller drops in activity were observed
for N38K in the C-terminal alpha helix and combined
mutations in loop 2. Substitution of N10V resulted in loss
of antibody binding as determined by shift in inhibition

curves, however, this loss was overcome by high doses of
inhibitor. Interestingly, the goat antiserum reacted only
to a single amino acid substitution. Thus, the N10V
mutation resulted in the loss of approximately 20% of
antibody binding, while none of the other mutations had
notable effect. Mutations of loop 2 and loop 3 resulted
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Fig. 3. Antigenic activity of mutant Amb t 5 proteins. Antigenic properties of mutant rAmb t V molecules were assayed by their ability to inhibit
binding of human serum to '**I-labeled rAmb t V. The figure demonstrates an example (from patient 2) of the set of inhibition curves obtained for
each serum. The difference between native and recombinant Amb t 5 in the top left hand panel (0.5 ng inhibitor) was not seen in several other
experiments with the same serum (Rafnar et al., 1992) and is probably due to an inaccurate dilution of native Amb t 5 in this one experiment.

in loss of antibody binding but this change in affinity
was again not detectable at high doses of inhibitor. The
majority of antibody reactivity in the goat antiserum,
therefore, is directed towards sites other than those
mutated here. These sites are conformational in nature
as the goat antiserum showed no reactivity towards
denatured Amb t 5 on Western blots and reduced, alkyl-
ated and boiled Amb t S exhibited no activity in the
inhibition RIA (data not shown).

Comparison of the structures determined for Amb t 5
and Amb a 5 revealed that most of the conserved residues
are located in the interior of the molecules, being involved
in disulfide bonds or hydrophobic interactions (Metzler
et al., 1992a, 1992b). This ‘core’ of the ragweed proteins
is quite rigid and perturbation of the core residues would
be expected to have dramatic impact on structure. In
contrast, the surfaces of the two proteins display sig-
nificant conformational and chemical variability, con-
sistent with the observation that Amb a 5 and Amb t 5
show no antibody cross-reactivity. The mutations made
here were expected to have little effect on protein folding,
as they involved substitution of surface amino acids
between two homologous proteins. As evidence for this,
for every mutant, there was at least one serum that did
not lose activity for that mutant. Thus, even Amb t 5
with a triple mutation in loop 3 retained full antigenic

activity when tested against the goat antiserum. As we
had previously shown that the goat antibodies do not
recognize denatured Amb t 5, these data strongly argue
against a major loss of structural integrity.

3.4. Gain of Amb a 5 activity

None of the single mutants exhibited significant bind-
ing to IgG from Amb a 5 sensitized individuals, indicating
that these mutations do not create an Amb a 5 epitope
(data not shown). We then tested whether Amb t 5 with
multiple mutations within each loop showed any gain of
Amb a 5 activity, by examining whether the mutated
Amb t 5 molecules could inhibit binding of Amb a 5
to IlgG from Amb a 5-allergic individuals. None of the
multiple mutants showed any gain of Amb a 5 activity,
indicating that the introduced mutations are not sufficient
tocreate a significant Amb a 5 B-cell epitope. It is possible
that the primary epitope(s) of Amb a 5 may involve
residues of more than one loop and it would seem to be
a logical next step to make recombinant Amb t 5 includ-
ing such mutations. However, we have previously shown
that recombinant Amb a 5 does not fold properly when
expressed in E. coli (Rafnar et al., 1992) and we antici-
pated that the more the recombinant hybrid molecule
locked like Amb a 5, the less likely it was to obtain
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a three-dimensional structure that was appropriate for
epitope analysis.

In summary, we have probed various surface residues
of Amb t 5 for the presence of human antibody binding
sites. While all three loops and the C-terminal a-helix of
Amb t 5 contribute to antigenic activity in one or more
individuals, loop 3 contains a dominant human B-cell
epitope that is recognized by IgG antibodies from all
patients tested. This epitope was not recognized by goat
anti-Amb t 5 antiserum, demonstrating a potential spec-
ies-specific difference in the recognition of this antigen.
Furthermore, antibodies to Amb a 5 do not react with
rAmb t 5 in which substantial Amb a 5 substitutions have
been made on the surface of the molecule. This suggests
that although Amb t 5 and Amb a 5 are topologically
very similar, Amb a 5 antibodies discriminate strongly
between the relatively small differences in the tertiary
structure of the two molecules.
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