
Introduction

Birch pollen represents one of the most potent allergen
sources in early spring in the middle and northern parts of
Europe as well as North America [1]. Almost 95% of birch
pollen-allergic patients display IgE reactivity to the major
birch pollen allergen, Bet v 1, a 17 kD protein [2], which
cross-reacts with the major allergens of other Fagalespol-
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Abstract
Background: Recently, a novel family of low-molecular-
weight (8–9 kD), two-EF-hand calcium-binding proteins
has been described as allergens in plant pollens. Ap-
proximately 10% of pollen-allergic patients have IgE an-
tibodies which cross-react with the two-EF-hand aller-
gens in tree, grass and weed pollens. The aim of the
present study was to localize Bet v 4, the two-EF-hand
allergen from birch, in mature, dry pollen and to study
the release of this allergen after hydration of the pollen
by immunogold electron microscopy. Methods: Using
completely anhydrous fixation techniques in combina-
tion with immunogold electron microscopy, we local-
ized Bet v 4 and, for control purposes, the major birch
pollen allergen Bet v 1, in dry birch pollen as well as in
pollen grains after different periods of hydration. Paral-
lel with these morphological studies, we monitored the
release of Bet v 4 and Bet v 1 into aqueous supernatants
of hydrated birch pollen grains by immunoblotting.
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Results: Bet v 4 was found in the electron-dense cytosol,
in particular between the vesicles and cisternae of the
endoplasmic reticulum, inside mitochondria and in the
vegetative as well as in the generative nucleus. Bet v 1
was localized in similar cellular compartments except
for the mitochondria. After 30 s to 1 min of hydration,
Bet v 4 migrated into the pollen exine and into the aque-
ous supernatants. Bet v 1 also moved out of the pollen
grain, though not as quickly as Bet v 4. Conclusion: Bet
v 4 represents an intracellular pollen protein which, fol-
lowing hydration of pollen grains, rapidly migrates to
the pollen surface (exine) and is washed out. This be-
havior explains how Bet v 4, being primarily an intracel-
lular pollen protein, becomes available to sensitize pa-
tients.

Copyright © 1999 S. Karger AG, Basel



lens (alder, hazel, hornbeam and oak) [3] and plant-derived
food (fruits, vegetables, spices) [4–6]. Three other birch
pollen allergens have been identified so far: Bet v 2, birch
profilin, which is an actin-binding protein and probably one
of the most cross-reactive allergens [7–9]; Bet v 3, a three-
EF-hand calcium-binding allergen [10], and the recently
discovered two-EF-hand birch pollen allergen Bet v 4 [11,
12]. Bet v 4 belongs to a novel family of calcium-binding
allergens which contain two calcium-binding domains,
termed EF hands [13]. It shares IgE epitopes with the struc-
turally related two-EF-hand calcium-binding allergens pre-
sent in grass pollens (Bermuda grass, Cyn d 7 [14, 15]; tim-
othy grass, Phl p7 [16]), weed pollens (oilseed rape, Bra r 1,
and Bra r 2 [17]), and tree pollens (alder, Aln g 4 [18]; olive,
Ole e 3 [9]). All of these two-EF-hand allergens are primar-
ily expressed in mature pollen, contain two calcium-bind-
ing domains, cross-react with IgE antibodies in approxi-
mately 10–20% of pollen-allergic individuals and thus
constitute a family of pollen ‘panallergens’. Two-EF-hand
allergens such as Bet v 4 can occur in two conformational
states, the calcium-bound form and the calcium-free form
(i.e. apoform) which differ substantially in their conforma-
tion and IgE-binding capacity [13, 16, 18]. While the calci-
um-bound form strongly reacts with IgE antibodies, the
apoform has a greatly reduced IgE-binding capacity. Al-
though Bet v 4 represents an allergen less frequently recog-
nized than Bet v 1, the major birch pollen allergen, it is clin-
ically relevant for at least two reasons: (1) patients who are
sensitized to Bet v 4 show IgE cross-reactivity and clinical
symptoms to the Bet v 4-related allergens in tree, grass and
weed pollens and thus display allergic symptoms on contact
with pollens of botanically unrelated plants [16, 18], and (2)
biological testing (basophil histamine release experiments,
skin prick testing) has revealed a strong allergenic activity
of the two-EF-hand allergens [16, 18]. In the present inves-
tigation, we were interested in determining the in situ local-
ization of Bet v 4 by immunogold electron microscopy and
to investigate, by both histochemical techniques and im-
munoblotting, the mode and kinetics of Bet v 4 release after
hydration of birch pollen. The results obtained are dis-
cussed in the context of the sensitization capacity of this al-
lergen and its possible biological properties.

Materials and Methods

Pollen, Sera and Antibodies
Pollen from birch (Betula verrucosa)was obtained from Sigma

(St. Louis, Calif., USA). Bip1, a mouse monoclonal anti-Bet v 1 IgG1
antibody, has been described elsewhere [20]. A rabbit antiserum that
cross-reacts with two-EF-hand allergens from trees, grasses and

weeds was raised against purified recombinant Aln g 4 [18]. A125I-la-
beled sheep anti-mouse Ig antiserum and a 125I-labeled donkey anti-
rabbit Ig antiserum were purchased from Amersham (Little Chalfont,
Bucks., UK). Goat anti-rabbit IgG antibodies coupled to 10-nm col-
loidal gold particles (GAR IgG 10) and goat anti-mouse IgG antibod-
ies coupled to 20-nm colloidal gold particles (GAM IgG 20) were ob-
tained from BritishBioCell (Plano, Wetzlar, Germany).

Hydration of the Pollen
Fifty micrograms of birch pollen were divided into aliquoted por-

tions in 1.5-ml Eppendorf vials. One milliliter of H2O double distilled
was added to each vial. The contents were mixed immediately and in-
cubated at room temperature for different periods (30 s, 1, 5, 10 and
30 min, 1 and 2 h). The aqueous supernatants were separated from the
pollen grains by centrifugation in a bench centrifuge (12,000 rpm,
room temperature, 30 s). Then the aqueous supernatants were imme-
diately transferred to new Eppendorf tubes, frozen in liquid nitrogen
and stored at –20°C until use.

SDS-PAGE and Immunoblotting
Fifty-microliter aliquots of each supernatant were separated by

12.5% analytical SDS-PAGE [21] and blotted onto nitrocellulose
membranes (Schleicher & Schuell, Dassel, Germany) as described
previously [22]. Blots were blocked in buffer A (50 mM Na-phos-
phate, pH 7.5, 0.5% w/v BSA, 0.5% v/v Tween 20, 0.05% NaN3) and
incubated with the mouse monoclonal antibody Bip 1 or rabbit anti-
rAln g 4 antiserum overnight at 4°C. Bound mouse and rabbit anti-
bodies were detected with a 125I-labeled sheep anti-mouse and donkey
anti-rabbit antiserum, respectively.

Preparation of Dry and Hydrated Birch Pollen for Electron
Microscopy
Dry pollen was dusted onto a clean glass slide to give a monolay-

er. Pollen grains hydrated for 30 s, 1, 5 and 10 min (see above) were
put onto a glass slide immediately after centrifugation and distributed
with a spatula to give a thin layer. All glass slides (with dry and 
hydrated pollens) were put into a desiccator and fixed in the vapor of
p-formaldehyde powder for 48 h. Dehydration, embedding in Lowi-
cryl resin and polymerization were carried out based on the technique
described previously [23]. Ultrathin sections were cut on a Reichert
Ultracut S ultramicrotome (Leitz, Bensheim, Germany) and collected
on nickel grids for immunocytochemistry.

Immunogold Labeling Procedure
The grids were incubated with the following solutions (face down

in a moist chamber, with PBS buffer +1% BSA at pH 7.4): (1) 5%
(w/v) BSA in PBS for 15 min; (2) rabbit anti-rAln g 4 antibody dilut-
ed 1:25 in PBS+BSA, for 2 h; (3) PBS+BSA for 3E5 min; (4) GAR
IgG 10, diluted 1:20 in PBS+BSA, for 1 h, and (5) PBS+BSA for
1E5 min, then distilled water for 2E5 min. In some experiments, dou-
ble labeling for Bet v 4 and Bet v 1 was performed. It was carried out
in the following way: after step (4) of the above protocol, the sections
were washed in (5) PBS+BSA for 3E5 min; (6) mouse anti-Bet v 1
antibody (Bip 1), undiluted, for 2 h; (7) PBS+BSA for 3E5 min; (8)
GAM IgG 20, diluted 1:10 in PBS+BSA, for 1 h, and (9) PBS+BSA
for 2E5 min, then distilled water for 1E5 min. The following controls
were run: (1) the anti-rAln g 4 antibody was replaced by rabbit preim-
mune antiserum; (2) the anti-rAln g 4 antibody was omitted; (3) the
anti-Bet v 1 antibody was replaced by a monoclonal antibody of irrel-
evant specificity, and (4) the anti-Bet v 1 antibody was omitted. After
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labeling, the sections were stained with uranyl acetate for 3 min and
lead citrate for 5 s.

Electron Microscopy and Documentation
The sections were analyzed in a Hitachi H500 transmission elec-

tron microscope operated at 75 kV. For image recording, Agfa-
Gevaert 23D56 films were used.

Microscopic Localization of the Birch
Pollen Allergen Bet v 4
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Fig. 1. Low-magnification micrograph of an
ultrathin section through a dry birch pollen
grain anhydrously prepared for electron mi-
croscopy. The pollen wall surrounding the
cytoplasm consists of an outer exine and an
inner intine. It is partially detached from the
cytoplasm. Inside the cytoplasm, reserve ma-
terials (starch, lipid) and the two pollen nu-
clei (vegetative nucleus and generative nu-
cleus inside the generative cell) are
prominent. Details for immunolocalization
studies of allergens were taken from the
pollen areas indicated by rectangles 1 and 2.
E6,620. Bar = 1µm.
Fig. 2. Detail from the pollen wall and pe-
ripheral cytoplasm of dry birch pollen after
double immunogold labeling for Bet v 4 al-
lergens (small gold particles, arrows) and Bet
v 1 allergens (large gold particles, arrow-
head). Bet v 4 is found inside the exine and in
the cytoplasm, while Bet v 1 is located only
in the cytoplasm. E46,580. Bar = 0.25µm.
Fig. 3. High-magnification micrograph of
dry birch pollen cytoplasm after immunogold
labeling for Bet v 4. Cytoplasmic organelles
are clearly preserved, with membranes ap-
pearing in negative contrast due to lack of os-
mium impregnation. Most gold particles (ar-
rows) are located in the electron-dense
matrix (cytosol) between the numerous vesi-
cles and cisternae. Mitochondria, too, are of-
ten decorated with gold particles. E47,700.
Bar = 0.25µm.
Fig. 4. Details from dry birch pollen cyto-
plasm after double immunogold labeling for
Bet v 4 allergens (small gold particles, ar-
rows) and Bet v 1 allergens (large gold parti-
cles, arrowheads). Most allergens are located
in the cytosol; however, some gold particles
of both sizes are also found inside mem-
brane-bound vesicles and cisternae or on the
membranes of these organelles. Mitochon-
dria only label for Bet v 4. E46,200. Bar =
0.25µm.

Abbrevations mentioned in figures 1–13
CY = Cytoplasm; D = dictyosome; E = exine; ER = endoplasmic
reticulum; GCM = generative cell membrane; GN = generative nucle-
us; I = intine; L = lipid; M = mitochondrion; R = ribosomes; ST =
starch; V = vacuole; VN = vegetative nucleus; W = wall.
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Fig. 5. Detail from the vegetative and gener-
ative nuclei of dry birch pollen after im-
munogold labeling for Bet v 4. The allergens
(arrows) are found inside the generative cell
and nucleus and inside the vegetative cyto-
plasm and nucleus. E42,800. Bar = 0.25µm.
Fig. 6. Control experiment. Dry birch pollen
nuclei after incubation with rabbit preim-
mune antibodies. A small number of gold
particles (arrow) indicate a low degree of
background labeling. E40,650. Bar =
0.25µm.
Fig. 7. Control experiment. Dry birch pollen
wall and cytoplasm after incubation with rab-
bit preimmune antibodies. Both pollen com-
partments are almost completely free from
gold particles (arrow). E40,650. Bar =
0.25µm.
Fig. 8. Detail from the wall and peripheral
cytoplasm of birch pollen rehydrated for
30 s. Double immunogold labeling for Bet v
1 allergens and Bet v 4 allergens. Bet v 1
(large gold particles, arrowheads) and Bet v 4
(small gold particles, arrows) are found in the
pollen wall. The cytoplasm shows few gold
particles. E46,500. Bar = 0.25µm.

Results

Localization of Bet v 4 in Dry Birch Pollen
Figures 1–7 document the localization of Bet v 4 in dry

pollen. Figure 1 gives a view of a dry birch pollen grain
fixed anhydrously for electron microscopy. The grain ex-
hibits a shrunken shape, which is characteristic for pollen
grains at the time of their dispersal from the catkin and in-

dicates their dehydrated state [23]. In figure 1, the pollen
wall, consisting of the outer exine layer and the inner intine
layer, is partially separated from the cytoplasm which prob-
ably must be considered a preparation artifact. Within the
cytoplasm, reserve materials (starch and lipid) are promi-
nent. The big vegetative nucleus has a rugged appearance.
The generative cell, which is largely filled with the genera-
tive nucleus, is much smaller than the vegetative nucleus. It



is roundish and often found juxtaposed to the vegetative nu-
cleus. Details for the immunolocalization of allergens were
taken from the pollen wall and/or the peripheral pollen cy-
toplasm (rectangle 1) and from the two pollen nuclei (rect-
angle 2). After double immunogold labeling for Bet v 4 and
Bet v 1 (fig. 2), the pollen wall (exine) is sparsely but ex-
clusively labelled with small gold particles, indicating the
presence of Bet v 4. There are not Bet v 4 or Bet v 1 aller-

gens in the intine. The cytoplasm, however, contains small
and large gold particles pointing to the presence of Bet v 4
and Bet v 1 allergens. Figure 3 shows details of the cyto-
plasmic location of Bet v 4 allergens at high magnification.
Gold particles are preferentially found in the electron-dense
cytosol, especially between the vesicles and cisternae of the
endoplasmic reticulum and in the mitochondria. In compar-
ison, figure 4 shows a detail from pollen cytoplasm after

Microscopic Localization of the Birch
Pollen Allergen Bet v 4
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Fig. 9. High-magnification micrograph
from the cytoplasm of birch pollen rehydrat-
ed for 30 s. Distinct signs of rehydration are
visible (swelling of endoplasmic cisternae,
vacuoles). After immunogold labeling for
Bet v 4, few gold particles (arrows) are de-
tected in the cytoplasm. E52,820. Bar =
0.25µg.
Fig. 10. Within pollen rehydrated for 30 s,
both pollen nuclei (generative nucleus and
vegetative nucleus) are distinctly immuno-
gold labeled for Bet v 4 allergens (arrows).
E43,120. Bar = 0.25µm.
Fig. 11. Birch pollen grain rehydrated for
1 min. After incubation with anti-rAln g 4 an-
tibodies, very few gold particles (arrows) oc-
cur within the cytoplasm. E43,900. Bar =
0.25µm.
Fig. 12. Birch pollen rehydrated for 1 min.
Generative and vegetative nuclei are largely
free from gold particles (arrows), indicating
the presence of Bet v 4 allergens. E42,900.
Bar = 0.25µm.
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Fig. 13. Aqueous supernatants obtained af-
ter different time periods of birch pollen hy-
dration (top panel: 30 s, 1, 5, 10 and 30 min,
1 and 2 h). The allergen Bet v 1 was detected
with the mouse monoclonal antibody Bip 1
and Bet v 4 was detected with a rabbit anti-
rAln g 4 antiserum.

double labeling for Bet v 4 and Bet v 1. Most gold particles
of both sizes are found in the cytoplasmic matrix, often
close to the membranes of cisternae and vesicles. Some
gold particles, however, occur inside these vesicles. In con-
trast, mitochondria are marked only with small gold parti-
cles, indicating the presence of Bet v 4. Figure 5 shows a de-
tail from the vegetative nucleus and the juxtaposed
generative cell and nucleus. As can be seen in this figure,
Bet v 4 allergens are also found in both nuclei. In figures 6
and 7, the results of two control labeling experiments are
shown. After incubating the pollen grain sections with rab-
bit preimmune serum instead of anti-Bet v 4 antibodies,
both pollen nuclei (fig. 6) show very few nonspecifically
adsorbed gold particles. Similarly, almost no gold particles
can be detected in the pollen wall and pollen cytoplasm
(fig. 7).

Bet v 4 Migrates Rapidly out of the Pollen Grain after
Hydration
Figures 8–10 show the results of allergen localization in

pollen grains hydrated for 30 s. In figure 8, Bet v 4 and Bet
v 1 are found in the pollen wall (exine) and on the surface of
the grain. Figure 9 gives  a detail from the cytoplasm of
briefly hydrated pollen grains after labeling for Bet v 4.
First of all, this micrograph shows that the morphology of
the cytoplasm has changed drastically even after such a
short rehydration period as 30 s. Signs of hydration are the
dilatation of the cisternae of the endoplasmic reticulum and
the formation of many small vacuoles as a result of swelling
[23, 24]. As figure 9 demonstrates, only a few gold markers
labeling Bet v 4 molecules are observed in the cytoplasm of
birch pollen after 30 s of rehydration. The pollen nuclei,
however, are still labeled with gold particles (fig. 10), indi-

cating the presence of Bet v 4 allergens. Figures 11 and 12
show Bet v 4 localization in pollen grains rehydrated for
1 min. Not only the cytoplasm, but also the vegetative and
generative nuclei, are now largely free from gold particles.
This is also the case with the pollen wall (micrograph not
shown). Pollen hydrated for 5 and 10 min, respectively,
give much the same result as far as Bet v 4 localization is
concerned. Bet v 1 allergens also move quickly out of the
pollen grain, but not as fast as Bet v 4 allergens, so that in
the case of this allergen, activity could still be detected in
the pollen grain after 5 min, though greatly reduced. After
10 min of rehydration, birch pollen grains are largely free
from Bet v 1 (micrographs not shown) [for a detailed anal-
ysis of Bet v 1 and profilin migration from birch pollen, see
ref. 24].

Bet v 4 Can Be Detected in Aqueous Supernatants after a
few Minutes of Pollen Hydration
In order to determine the release kinetics of Bet v 4 after

pollen hydration, equal amounts of pollen were extracted in
water for various time periods (30 s to 2 h). Exposure of
equal amounts of nitrocellulose-blotted supernatant frac-
tions to a rabbit anti-Aln g 4 antiserum which fully cross-re-
acts with Bet v 4 revealed by immunoblotting that this al-
lergen can be faintly detected already 1 min after pollen
hydration in the aqueous supernatant (fig. 13, α-rAln g 4).
Likewise, the major birch pollen allergen, Bet v 1, was de-
tected in the supernatant fractions after a few minutes of
pollen hydration by the monoclonal anti-Bet v 1 antibody
Bip 1 (fig. 13; Bip 1). Analysis of the pollen grain-contain-
ing pellet fractions showed that Bet v 4 was drained faster
from the pollen grains than Bet v 1 after hydration (data not
shown).



Discussion

By immunogold electron microscopy, we localized Bet v
4 in resting and hydrated pollen in order to obtain clues to
its biological role. In the resting pollen, Bet v 4 accumulat-
ed between the vesicles and cisternae of the endoplasmic
reticulum, in the mitochondria, in the vegetative nucleus
and inside the generative cell and nucleus. Sparse labeling
occurred also in the pollen wall. In regard to its cytoplasmic
distribution, we could not definitely determine in each case
if the Bet v 4 allergen was located inside or outside mem-
brane-bound vesicles or cisternae, since on the section the
labeled epitope may be located up to 20–30 nm (i.e. the
length of two antibodies plus the radius of the gold particle)
away from the gold marker. However, most of the gold
markers were located in the cytosol, which in resting birch
pollen is closely packed with ribosomes [23]. In summary,
Bet v 4 is found in those areas in the pollen grain that are
known to represent sites of protein metabolism and energy
supply. Here, rapid metabolic and structural changes appear
as soon as the pollen grain begins to germinate. Its distribu-
tion pattern distinguishes Bet v 4 from the other two birch
pollen allergens hitherto localized in situ: Bet v 1, the birch
pollen major allergen, and Bet v 2 (profilin). Both these al-
lergens are confined to the cytosolic areas and the pollen
nuclei [23, 24]. The broad intracellular distribution of Bet v
4 is not surprising considering its calcium-binding proper-
ties. Calcium-binding proteins either represent intracellular
‘calcium buffers’ which regulate the calcium homeostasis
of the cell and provide calcium as a cofactor for a series of
processes (e.g. cytoskeletal changes, signal transduction,
muscle contraction) or they function as ‘calcium sensor pro-
teins’which act as calcium-sensing ligands for other partner
proteins [25–28]. The main feature of the calcium sensor
proteins is that calcium binding induces conformational
changes in the structure of these proteins to allow binding of
a ligand that cannot attach to the calcium-free form of the
protein. In this context it is of note that the members of the
Bet v 4 family can also occur in different conformations, i.e.
the calcium-bound form and the apoform [28], which no-
tably are recognized differently by IgE antibodies of sensi-
tized patients. Most sensitized patients show more IgE anti-
bodies directed against the calcium-bound form than
against the apoform [14]. This is probably explained by the
fact that during early sensitization a patient’s immune sys-
tem primarily comes into contact with the calcium-bound
form of the allergen.

Immunogold electron microscopy and immunoblotting
were used to monitor the kinetics of Bet v 4 allergen release
from the pollen grain during hydration. Both methods

showed rapid allergen depletion from the pollen grains and
the apperance of allergen in the supernatant. However, as
far as the immunogold electron microscopic experiments
are concerned, the actual period of rehydration of each
pollen sample is not precisely known. The handling of the
rehydrated pollen before exposure to the fixating aldehyde
vapor and the chemical fixation process itself necessarily
take some additional seconds during which allergen migra-
tion might have continued. While neither immunoblot nor
immunogold electron microscopy represent quantitative
methods, immunoblot analysis of supernatants allowed a
semiquantitative comparison of the amounts of eluted Bet v
1 and Bet v 4. Bet v 4 was detected in the supernatants after
1 min of pollen hydration. Maximum release of Bet v 4 was
found after 5 min of pollen hydration whereas maximum re-
lease of Bet v 1 occurred after 10 min. Consistent with the
data obtained by immunogold electron microscopy, these
findings indicate that Bet v 4 elutes more rapidly than Bet v
1. Our findings are in agreement with previous elution stud-
ies showing that prominent pollen allergens from trees (Bet
v 2) and grasses (Phl p 1, Phl p 2, Phl p 5) elute within min-
utes from pollen grains [24, 29]. Thus, rapid elution repre-
sents a common feature of relevant pollen allergens.

In any case, the present investigations have clearly
shown that Bet v 4, like many other pollen allergens, is
found inside the pollen grain [30] and that it rapidly elutes
from the pollen after hydration, e.g. under physiological
conditions, when the pollen germinates, or under patholog-
ical conditions, when pollen enters the respiratory mucosa
of the patient. The rapid elution of Bet v 4 out of the hy-
drated pollen may therefore be of twofold relevance: firstly,
it may be responsible for the changes in intracellular cal-
cium levels within the pollen grain which are known to dic-
tate pollen germination and tip growth of the pollen tube
[31–37]. Secondly, it also explains how this allergen, al-
though primarily an intracellular protein, becomes available
for the induction of IgE antibody responses in allergic indi-
viduals.
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