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Felis domesticus allergen 1(Fel d 1) is a 35 kDa tetrameric glycoprotein
formed by two heterodimers which elicits IgE responses in 95% of patients
with allergy to cat. We have previously established in vitro conditions for the
appropriate folding of recombinant Fel d 1 using a direct linkage of chain 1
to chain 2 (construct Fel d 1 (1+2)) and chain 2 to chain 1 (construct Fel d 1
(2+1)). Although the crystal structure of Fel d 1 (2+1) revealed a striking
structural similarity to that of uteroglobin, a steroid-inducible cytokine-like
molecule with anti-inflammatory and immunomodulatory properties, no
functional tetrameric form of Fel d 1 could be identified. Here we present
the crystal structure of the Fel d 1 (1+2) tetramer at 1.6 A resolution.
Interestingly, the crystal structure of tetrameric Fel d 1 reveals two different
calcium-binding sites. Symmetncally positioned on each side of the Fel d 1
tetramer, the external Ca**-binding sites correspond to a putatlve Ca**
binding site previously suggested for uteroglobin. The second Ca* —bmdmg
site lies within the dimerization interface, stabilizing the formation of the Fel
d 1 tetramer, and inducing important local conformational changes that
directly govern the shape of two water-filled cavities. The crystal structure
suggests a potential portal for an unknown ligand. Alternatively, the two
cavities could be used by the allergen as a conditional inner space allowing
for the spatial rearrangement of centrally localized side-chains, such as
Asp130, without altering the overall fold of the molecule. The striking
structural similarity of the major cat allergen to uteroglobin, coupled to the
identification in the present study of a common Ca?*-binding site, let us
speculate that Fel d 1 could provoke an allergic response through the
modulation of phospholipase A2, by sequestering Ca ions in a similar
manner as previously suggested for uteroglobin.
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The domestic cat (Felis domesticus) is one of the
most common household pets as well as a signifi-
cant source of indoor allergens. IgE-mediated
sensitization to allergens from F. domestzcus affects
approximately 10% of the Western world." The
severity of symptoms ranges from mild rhinitis to
life-threatening asthmatic responses. F. domesticus
allergen 1 (Fel d 1) is the most prominent and potent
allergen in cat dander and was first identified more
than three decades ago.” It elicits IgE responses in
95% of patients with allergy to cat.> However, the
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structural basis of the powerful allergenicity of Fel d
1 remains enigmatic.

Fel d 1 has been reported as a 35 kDa tetramerlc
glycoprotein® formed by two heterodimers.” Each
heterodimer consists of one 70 residue peptide and
one 85, 90, or 92 residue peptide (i.e. chains 1 and 2,
respectively) encoded by separate genes. These
chains are linked within each heterodimer through
three disulfide bonds, formed between cysteine
residues Cys3 and Cys73, Cys44 and Cys4S, and
Cys70 and Cys7, in chains 1 and 2, respectively.®®
Several attempts with only partial success have been
made to refold the separate peptide chains into a
native-like allergen.®-'2 We have previously estab-
lished in vitro conditions for the appropriate folding
of recombinant Fel d 1 using a direct linkage of chain
1 to chain 2 (construct Fel d 1 (1+2)) and chain 2 to
chain 1 (construct Fel d 1 (2+1)).'® Both refolded
recombinant Fel d 1 protein variants display an
identical disulfide-bonding pattern and a compar-
able secondary structure to the native protein."”
Importantly, the in vitro immunoreactivity of
recombinant Fel d 1 (2+1) protein was previously
determined to be indistinguishable from that of the
native allergen."

The crystal structure of the recombinant Fel d 1
(2+1) molecule revealed a striking similarity to that
of uteroglobin, a steroid-inducible cytokine -like
molecule with potent antl-mﬂammatory and immu-
nomodulatory properties.'* Uteroglobin is a found-
ing member of the secretoglobin superfamily,
comprising secreted mammalian-restricted proteins
that also includes the human protein Clara Cell 16
(CC16) and the rat-derived androgen-binding
protein.’*'® In humans the lung is the main site of
CC16 production, while several other organs syn-
thesize smaller amounts of mRNA encoding this
protein.”” Murine knock-out studies demonstrated
that CC16 provides a protective effect in the lungs
against several pathogens, and plays a role in the
control of inflammation.”” CC16 levels were down-
regulated in patients with allergic rhinitis.”! Further-
more, the human secretoglobin gene has been
mapped to a region of chromosome 11 previously
linked to both atopy and bronchial hyper-
responsiveness.”” Uteroglobin, CC16 and ABP may
carry ligands such as steroids, 17182324 and  the
expression of both uteroglobin and CC16 in epithe-
lial cells is controlled by steroids.'®* %’

It has been demonstrated that both natural and
recombinant uteroglobin are potent 1nh1b1tors of
extracellular phospholipase A, (PLA,) activity®® and
that these anti-inflammatory activities appear to
reside in a nonapeptide region (corresponding to
residues 39—47) of the third o-helix of utero-
globin.?*?” Chowdhury et al. thereafter assessed the
critical role of residues Lys43 and Asp46 of uter-
oglobin for its PLAy-inhibitory activity.”’ Modula-
tion of PLA, may affect the biosynthesis of
eicosanoids and platelet-activating factors, potent
mediators of inflammatory and allergic responses.*”
Uteroglobin only inhibits the functlon of the enzyme
PLA, when the concentration of Ca**, an essential

cofactor for PLA,, becomes lirniting.33 It has also
been proposed that uteroglobin may inhibit PLA, by
sequestering Ca ions.’3* Interestingly a putative
calcium-binding site was identified in uteroglobin
within a region comprlsmg residues Asp46, Ser4?,
Leu48 and Pro49.** However, the potential binding
of Ca®* to uteroglobin has been the subject of some
controversy, since some groups demonstrated that
Ca®" was bound by uteroglobm33 3% while others
showed the opposite.”

Although important information was obtained
from the crystal structure of Fel d 1 (2+1), no
tetramer could be identified.'* Here we have solved
the crystal structure of the tetrameric form of Fel d 1
at 1.6 A resolution, using a Fel d 1 (1+2) construct.
We demonstrate that the immunological properties
of Fel d 1 (1+2) are similar or identical to the pre-
viously characterized Fel d 1 (2+1) molecule, as well
as to that of the natural Fel d 1. The crystal structure
of the Fel d 1 (1 +2) tetramer also revealed the pres-
ence of a Ca**-binding site within the dimerization
interface. Furthermore, the crystal structure of Fel d
1 (1+2) suggests a potential portal for two water-
filled cavities of different size, one in each monomer.
Two additional Ca**-binding sites are also present
on both sides of the tetramer, locahzed at exactly the
same posmon as suggested for Ca®*-binding sites in
uteroglobin.*

Results and Discussion

The immunological activity of Fel d 1 (1+2) is
equivalent to that of Fel d 1 (2+1) and natural
Fel d 1

We have demonstrated that the recombinant
molecule Fel d 1 (2+1) displayed similar if not
identical structural, immunological and biochemical
propertres when compared to its natural counter-
part.”® In order to ascertain the immunological
properties of Fel d 1 (1+2) as well as to assess its
functional similarity to both the previously char-
acterized Fel d 1 (2+1) and the natural Fel d 1, we
made use of a combination of different approaches.

We first analyzed the lymphoproliferative re-
sponses of peripheral blood mononuclear cells
(PBMC) derived from five cat-allergic patients. Fel
d 1 (1+2) was able to stimulate the isolated PBMC to
proliferate at all tested concentrations (Figure 1(a)).
We thereafter compared the T cell stimulatory effect
of Fel d 1 (1+2) and Fel d 1 (2+1) antigens by
measuring the proliferation of CD3"/CD4" T helper
cells in allergen-stimulated whole blood (Table 1).
Both proteins were similarly active in whole blood
and induced equivalent CD3"/CD4" cell prolifera-
tive responses. Conversely, CD3"/CD4" T cells
derived from a healthy control did not proliferate
when exposed to both allergens, while still prolifer-
ating to a positive control antigen (PPD). It should be
noted that the endotoxin contents in both protein
preparations were very low (2 EU/mg protein for Fel
d 1(2+1) and 4.3 EU/mg protein for Fel d 1 (1+2)),
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Figure 1. The immunological activity of Fel d 1 (1+2) is equivalent to that of Fel d 1 (2+1) and natural Fel d 1. (a) Fel d 1 (1 +2) stimulates lymphoproliferative responses. The
Fel d 1 (1+2) protein was able to stimulate lymphoproliferative responses of PBMC isolated from five allergic donors at all tested concentrations. (b) Similar capacity of Fel d 1
(1+2), Fel d 1 (2+1) and natural Fel d 1 to induce basophil degranulation. Natural Fel d 1, Feld 1 (1+2) and Fel d 1 (2+1) induced a nearly identical dose-dependent degranulation
of basophils, measured through the evaluation of CD63/CD203c¢ expression up-regulation in three patients, but not in a non-allergic negative control. (c) Similar dose-dependent
inhibition of binding to IgE in a pool of sera from individuals sensitized to cat. Pooled sera from three individuals were pre-incubated with threefold dilutions of natural Fel d 1 (A),
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Table 1. Both Fel d 1 (1+2) and (2+1) have similar immunological activity, resulting in equivalent proliferative cell

responses in cultures with whole blood

Feld 1 (1+2) Feld 1 (2+1) PPD Medium

CD3*/CD4"/ml CD3*/CD4"/ml CD3*/CD4"/ml CD3*/CD4"/ml
Patient 1 33.6x10° 44.8x10° 41.4x10° 16.4x10°
Patient 2 28x10° 36.2x10° 1348.2x10° 17.2x10°
Negative control 11x10° 3.8x10° 14,951.6x10° 9.4x10°

Number of CD3"/CD4" cells/ml of whole blood in response to seven days stimulation with Fel d 1 (1+2) (20 pg/ml), Feld 1 (2+1)
(20 pg/ml), PPD (1 pg/ml) and control medium, as measured in the FASCIA proliferation assay.

well below the values in vaccine preparations for
human use.*®

We also compared the ability of the two recom-
binant Fel d 1 proteins and natural Fel d 1 to induce
basophil degranulation through the evaluation of
CD63 expression on CD203c™ cells in three cat allergic
patients. All allergic patients displayed a nearly
identical dose-dependent degranulation following
the addition of Fel d 1 (1+2), Fel d 1 (2+1) or natural
Feld 1. In contrast, no degranulation was observed in
basophils from a healthy control at any Fel d 1 (1+2)
or Fel d 1 (2+1) concentration (Figure 1(b)).

Finally, enzyme-linked immunosorbent assay
(ELISA) assays were performed in order to identify
any differences in IgE-binding properties between
natural Feld 1, Feld 1 (1+2)and Feld 1 (2+1). Direct
ELISA revealed that the IgE-reactivity to the two
recombinant proteins was identical in five subjects
tested (four cat allergic and one negative control)
(data not included). A competition ELISA was also
performed in order to evaluate the ability of natural
Feld1,Fel d 1 (1+2) and Fel d 1 (2+1) to compete
with solid phase bound Fel d 1 (1 +2) for binding to
IgE. Inhibition through addition of natural Fel d 1,
Feld 1 (1+2), or Fel d 1 (2+1) was dose-dependent
and comparable (Figure 1(c)).

Determination of the crystal structure of
Feld1 (1+2)

The structure was solved by molecular replace-
ment and refined to a crystallographic R-factor of
19% (free R-factor 22%). The final model consists of
two Fel d 1 (1+2) molecules (subunit A, Met0 to
Gly145; and subunit B, Met0 to Met144), four Ca
ions and 270 water molecules. The electron density
map is of high quality with well-defined polypep-
tide chains. A total of 98.9% of the non-glycine
residues have main-chain dihedral angles within the
additionally allowed regions of a Ramachandran
plot as determined by the program PROCHECK.*
For the residues that fall into the generously
allowed region (Lys129 in subunit A and Cys77 in
subunits A and B), clear electron density is visible
(data not included). The average B-factor of the final
model is very close to the B-factor calculated from
the Wilson plot (see Table 2). It should also be noted
that the 17 C-terminal residues in chain 2 and the
histidine tags are not defined by electron density
in both subunits, indicating disorder in these re-
gions. The biological role of this latter section of the

molecule may be of potential interest, since the last
18 C-terminal residues of chain 2 define the major
difference in primary structure between the CC16/
uteroglobin chain and the Abpb (androgen binding
protein chain b)/Fel d 1 chain 2.'7 The C-terminal
residues of Abpb/Fel d 1 chain 2 have been
predicted to form a helix,'*'” but it has also been
demonstrated that chain 2 in Fel d 1 is naturally
truncated from position 85, removing the last eight
residues.’

Overall structure of the Fel d 1 tetramer
In contrast to the previously solved crystal

structure of Fel d 1 (2+1), which did not show any
evidence for tetramerization, ~ we present here the

Table 2. Statistics for data-collection, phasing and
refinement

X-ray source 1711, MAX-lab

Wavelength (A 1.087
Resolution (A) 37.8-1.6
Space group P1
Unit cell parameters:

a,b,c(A) 38.542.9 49.0

o, B,y (©) 70.7 80.5 81.5
Total no. of unique reflections 33, 386
Number of observed reflections 135, 810
Completeness® (%) 92.1 (87.5)
Reym" 0.06 (0.26)
I/o® . 17.4 (4.2)
B-factor from Wilson plot (A% 21
Reryst (%) 19.9
Rfree (0/"’) 22.2
Number of protein atoms 2274
Number of water molecules 270
rmsd bond lengths (A) 0.01
rmsd bond angles (°) 1.36
B-factors (A)

Overall 12.0

Protein atoms 10.1

Ca”* atoms 25.6

Solvent 27.4
Ramachandran plot, percentage of non-glycine
Residues in favorable regions 94.0
Additionally allowed regions 4.5
Generously allowed regions 15

Runerge= Ykt Xi | Tkl —=<I(hkD)> | /Y Xi Ii(hkl).
Rcrystzzhkl ||F0 | - | F. ||/th1 F,, where F, and F, are observed
and model-derived structure factors, respectively. Ry, is calcu-
lated against 5% of the observations left out throughout the
refinement.

# Values in parentheses are for the highest resolution shell of
each data set.
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Figure 2. Overall structure of the Fel d 1 (1+2) tetramer. (a) Schematic view of the Fel d 1 (1+2) tetramer. The two
heterodimeric subunits A and B, each composed of linked chains 1 and 2, that form the tetramer are in yellow and blue,
respectively. The three Ca ions are indicated as red balls. Ca**-binding site 1 is localized within the dimerization interface
while the two other equivalent Ca®*-binding sites 2 and 3 are symmetrically localized on each side of the dimer. The position
of residue Asn103, a potential glycosylation site, is also indicated. The a-helix chains are annotated. A square indicates the
region thatis enlarged and displayed in (c). (b) Schematic view of the Fel d 1 tetramer following a rotation of about 90° around
the horizontal axis. All the a—helix chains composing both subunits, including H5 and H8 that form the dimerization
interface, are labeled. A square indicates the region that is enlarged and displayed in (d). (c) Calcium-binding sites 2 and 3.
The Ca ions bind to the carbonyl groups of residues Asp46 and Met49 as well as to four and three water molecules in subunits
A and B, respectively. The Ca2* that binds to subunit A is presented in the Figure. (d) Calcium-binding site 1. The Ca** is
localized centrally within the dimerization interface, and binding to OD1 atoms from residues Asn89 (in subunit A), Asn89
(B) and Asp130 (B) as well as to the carbonyl group of residue Ile125 (A) and three water molecules. (e) Secondary structure of
aFeld 1 (1+2)subunit. The secondary structure of a Fel d 1 (1 +2) subunit is displayed above the sequence. The eight a-helical
segments in each subunit of Fel d 1 (1+2) are indicated graphically. The cysteine residues that form disulfide bridges within
each subunit are numbered below the sequence and indicated in italic and grey (for each of the three disulfide bridges). The
residues that are involved in binding to Ca ions are indicated in pink. Finally the stretch of residues (121-131) which
conformation differs between subunits A and B in Fel d 1 (1+2) is underlined. It should be noted that the conformation of the
stretch of residues (121-131) in Fel d 1 (1 +2) also differs with the corresponding stretch of residues (51-61) in Feld 1 (2+1).
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crystal structure of a tetrameric form of Fel d 1 (1+2)
at a resolution of 1.6 A (Figure 2(a) and (b)). The Fel
d 1 tetramer displays a globular all helical fold,
different from previously structurally characterized
allergens.49 Each subunit of the Fel d 1 (1+2)
tetramer consists of eight helices named H1-H4
(corresponding to chain 1) and H5-H8 (correspond-
ing to chain 2) (Figure 2(b) and (e)). The disulfide
bridges present in the crystal structure of the Fel d 1
(1+2) tetramer correspond to those found in both
the Fel d 1 (2+1) dimer'* and in native Fel d 1.5

A total of four Ca ions are present in the crystal
structure of the Fel d 1 (1 +2) tetramer. One Ca** (site
1) is bound within the dimerization interface,
resulting in profound local conformational changes
(Figure 2(d)). Two Ca ions are bound in symme-
trically positioned sites, one on each of the hetero-
dimeric subunits A and B (sites 2 and 3, respectively;
Figure 2(c)). Interestingly, these two latter sites
correspond to the previously suggested putative
Ca®*-binding site described for uteroglobin.®*
Finally, we determined a fourth Ca?* site, but the
position of this ion is most probably due to the
packing of the molecules in the asymmetric unit
(data not included).

Native Fel d 1 molecules are naturally glycosy-
lated with a tri-antennary carbohydrate complex
linked to Asnl03 localized in the loop between
helices H6 and H7.”°° In the present crystal
structure the side-chain of Asnl03 is exposed to
the solvent and is not localized in the proximity of
either the dimerization interface of Fel d 1 (1+2), or
the Ca2+-binding sites 2 and 3 (Figure 2(b)).

The two subunits A and B that form the final
tetramer in Fel d 1 (1 +2) are similar in structure, with
a root-mean-square deviation (rmsd) of 0.5 A for all
C* atoms except for a region corresponding to
residues Glu121-Gly131 (Figure 3(a) and (b)). Here
the C* backbones of subunits A and B display large
differences with a rmsd of 3.4 A. In particular, the
side-chains of residues Val128, Leu129 and Asp130
take very different conformations in the two sub-
units A and B (Figure 3(c)). Thus, this region folds in
different ways in the two subunits that compose Fel
d 1 (1+2) and breaks the otherwise nearly perfect
symmetry of the tetramer.

Furthermore, the superimposition of each of the
subunits (A and B) composing the Fel d 1 (1+2)
tetramer with the molecule determined in the crystal
structure of the Fel d 1 (2+1) dimer'* demonstrates
their three-dimensional similarity, with an overall
rmsd of 0.4 A for the C* backbones, except for the
stretch of residues Glu121-Gly131 (corresponding to
residues Glu51-Gly61 in Fel d 1 (2+1)) (Figure 3(d)).
While residues Glu51-Gly61 form a loop followed
by helix H4 at residue 54 in Fel d 1 (2+1), the
corresponding loop extends to residues Leul29 and
Gly131 in subunits A and B in Fel d 1 (1+2)
(corresponding to residues 59 and 61 in Fel d 1
(2+1)), respectively (Figure 3(e)). One may speculate
that binding of the Ca®* caused the shortening of the
helix H8 in Fel d 1 (1+2) corresponding to helix H3
in Feld 1 (2+1).

The binding of a Ca®* in the dimerization
interface results in a profound local
conformational change

The dimerization interface in the crystal structure
of Fel d 1 (1+2), mainly composed of helices H5 and
H8 from chain 2 in each subunit (Figure 2(a) and
(b)), buries 1225 A? of solvent-exposed molecular
surface. This area represents 17% of the total
accessible surface (7100 A?), as calculated using
the program Protein—Protein Interaction Server
v1.5] and is in agreement with the mean AASA
(1,685 A?) for homodimers.”* The Fel d 1 (1+2)
dimerization interface is composed of 65 residues,
31 and 34 from subunits A and B, respectively.
Additionally, 46 water molecules and one Ca** are
present between the two subunits. Six residues
(Phe85, Gly131 and Leul32 from subunits A and B)
form a hydrophobic inner core. Similarly, as a
consequence of the symmetrical fold of the Fel d 1
(1+2) tetramer, equivalent residues in subunits A
and B contribute with hydrogen donor and acceptor
atoms, resulting in symmetrical hydrogen bond
interactions between, e.g. the side-chains of residues
Lys29-Asp82, Glu75-Lys141 and Thr135-Thr135
(Figure 4).

A well-defined Ca*" is localized between the two
subunits A and B, coordinated by seven oxygen
ligands, comprising three OD1 atoms from residues
Asn89 (subunit A), Asn89 (B) and Aspl30 (B), a
carbonyl group from residue Ile125 (A) and three
water molecules (Figure 4). All side-chains in the
contact region are well defined in the electron
density map. The binding of the Ca®" results in
profound a conformational change that break the
symmetry of the dimerisation interface, and directly
governs the shape of the cavities in subunits A and
B. In particular, the side-chain of Asp130 takes two
very different conformations (Figure 3(c)). While
Asp130 (B) binds to the Ca®*, the side-chain of
Asp130 (A) projects towards the cavity in subunit
A, making hydrogen bond interactions with the
side-chain of Tyr119 and three water molecules. The
main reason underlying the two diametrically
opposed conformations observed for the side-
chains of Asp130 (and as a consequence the side-
chains of e.g. residue Leul29) is that otherwise the
two Aspl30 residues would sterically clash and
repulse each other as their side-chains would take
similar conformations. In conclusion, binding of the
Ca®" in this region of the Fel d 1 interface most
probably stabilizes the tetrameric form, since the
presence of such a positively charged ion allows for
the packing of acidic residues (Asp130 in subunits
A and B) in the Fel d 1 tetramer interface. However,
it also results in profound local conformational
changes that affect the size and form of the different
cavities.

I http: //www.biochem.ucl.ac.uk/bsm/PP/server/
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A

Figure 4. The tetramer interface is composed by a central hydrophobic core surrounded by charged residues that form
hydrogen bond interactions. It is important to note that due to the 2-fold symmetry at the interface of the Fel d 1 (1 +2), each
subunit contributes to the interface with an identical residue. For simplicity, we have chosen to depict only half of the
residues that form the interface in the present Figure. The central region of the interface is formed by a hydrophobic core,
highlighted by a circular ring, and composed mainly of six residues Phe85, Gly131 and Leu132 provided by both subunits
A (in yellow) and B (in blue). Hydrogen bond interactions are formed between the side-chains of charged residues that
surround the central hydrophobic region. The Ca ions both at the interface and in the external site are depicted as red balls.

Two cavities of different size and form are PCB-derivatives and androgen.!”23°3-55 The phy-
present in the Fel d 1 tetramer siological role of these ligands has still to be
determined. Interestingly, the previously reported

The Fel d 1 orthologues CC16, uteroglobin and  crystal structure of Fel d 1 (2+1) revealed that the
ABP bind various ligands such as progesterone,  recombinant allergen bound an unknown ligand,

Figure 3. Subunits A and B are very similar throughout except for the dimerization-forming regions that are
involved in binding to Ca®*. The centrally localized Ca* is indicated as a red ball in all the five Figures. All the eigth
helices in each subunit are indicated. (a) Superposition of Fel d 1 (1+2) subunit A on Fel d 1 (1+2) subunit B. The two
subunits A and B (yellow and blue, respectively) that form the final tetramer are similar in structure, with a rmsd value
of 0.5 A for all C* atoms, except for a region corresponding to residues Glu121-Gly131. Here the C* backbones display
large differences with a rmsd value of 3.4 A. (b) View of the superposition of Fel d 1 (1+2) subunit A on Fel d 1 (1+2)
subunit B following a rotation of about 90° around the horizontal axis. The position of the Ca*, localized within the
dimerization interface, and mainly responsible for the observed differences, is indicated as a red ball. C The region
corresponding to residues 121-131 is very different in subunits A and B in the Fel d 1 (1+2) tetramer. A majority of the
side-chains of the residues 121-131 take different conformations in subunits A and B, due to the binding of a Ca®*. In
particular, the side-chains of the acidic residues Asp130 in subunits A and B take diametrically opposed conformations.
While Asp130 in subunit B (underlined) binds to the Ca®", the side-chain of Asp130 in subunit A projects towards the
cavity. (d) Superposition of Fel d 1 (1+2) subunit A on Fel d 1 (2+1). Superposition of subunit A from the crystal
structure of Fel d 1 (1+2) (in yellow) on the previously determined crystal structure of Fel d 1 (2+1) (in red) reveals their
structural similarity, except for a region corresponding to residues Glu121-Gly131 and residues Glu51-Gly61, in Fel d 1
(1+2) and Fel d 1 (2+1), respectively. (e) The region corresponding to residues 121-131 is very different in subunits A
and B in the Fel d 1 (1+2) tetramer. Helix H8 in Fel d 1 (1+2) (in yellow) is shortened when compared to the
corresponding helix H3 in Fel d 1 (2+1) (in red).
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most probably derived from Escherichia coli.'* The
Fel d 1 (1+2) crystal structure presented here does
not contain any bound ligand. The size of the cavity
found within the previou§l3y solved crystal structure
of Fel d 1 (2+1) was 480 A”. The sizes of the cavities
in the Fel d 1 (1+2) subunits A and B are of 350 A?
and 730 A, respectively, as calculated using the
program SwissPDBViewer.** The difference in size
between the two cavities presentin Fel d 1 (1+2)isa
direct result of the conformational change within the
region corresponding to residues 121-131 (Figure 5).
In subunit B, this stretch of residues is displaced out
towards the dimerization interface, thereby creating
a larger cavity (twice as big) when compared to
subunit A. In particular, the side-chains of residues
Leul29 and Asp130 point in opposite directions in
subunits A and B, with a shift in C* positions of

Feld 1(1+2)

3.6 A and 3.7 A, respectively. Finally it should be
noted that although of different size and shape, the
two cavities within Fel d 1 (1+2) display a similar
asymmetry (with one hydrophobic end and the
other charged and polar) while, in contrast, the
cavity in homodimeric uteroglobin is symmetrical,
mainly composed of hydrophobic residues (data not
included).’® The cavities within Fel d 1 (1+2)
subunits A and B contain three and seven water
molecules, respectively. All of these water molecules
are localized within the vicinity of the polar and
charged residues at one end of the cavities.

The cavities observed in the crystal structure of the
Fel d 1 tetramer permit localized large conforma-
tional changes that would not alter the overall fold of
the tetrameric molecule. Molecular modeling sug-
gested that the uteroglobin ligand progesterone may

\ Vg

Figure 5. The Ca®*-binding site localized on each side of the Fel d 1 tetramer is similar to the putative Ca**-binding site
in uteroglobins. The Ca®* (Red ball) binds to the carbonyl groups of residues Asp46 and Met49 in Fel d 1 (1+2). Four water
molecules that also bind to the Ca** (as shown in Figure 2(c)) are omitted in the present Figure. The other pictures provide a
view of the putative Ca®*-binding site previously identified in uteroglobin (PDB codes 1TUTG and 1CCD). A Ca** was

modeled in each putative site.
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fit within both cavities of the crystal structure of the
Fel d 1 (1+2) tetramer, and that such binding would
not be affected by the conformation of residue
Aspl30 (data not included). This is in agreement
with previous predictions by Pattabiraman ef al. who
modeled progesterone in the cavity of uteroglobin.””
Interestingly, Fel d 1 tyrosine residue Y21, that forms
hydrogen bond interactions with a hydroxyl group
in the modeled progesterone, corresponds to the
tyrosine residue suggested to be critical for binding
of these ligands in uteroglobin.”” Thus, one may
speculate that besides potentially binding different
ligands, the role of the cavities present in the
structure of the major cat allergen is critical for the
proper tetramerization of Fel d 1 (as a dimer of two
heterodimeric subunits A and B), allowing for large
local conformational changes of some specific
residues while keeping the overall fold of the
allergen Fel d 1.

Two symmetrically positioned calcium sites on
the surface of the Fel d 1 tetramer correspond
to the previously described putative Ca®*
binding site in uteroglobin

In addition to the Ca®* binding site localized as
described above within the dimerization interface,
two additional well-defined Ca**-binding sites were
also identified in the crystal structure of Feld 1 (1 +2),
symmetrically localized on each side of the tetramer.
In each site the Ca®* binds to the carbonyl groups of
residues Asp46 and Met49, as well as to four water
molecules (Figures 2(c) and 6). All side-chains in the
contact region are well defined in the electron
density map. These two Ca**-binding sites corre-
spond to the putative Ca**-binding site previously
identified by Barnes et al. using a hydrophobic
contrast function.”* Comparison of the Ca**-binding
site in Fel d 1 with the corresponding sites in the
crystal structures of uteroglobin (PDB codes 1UTG
and 2UTG)**"® as well as rat Clara Cell 17 (PDB code
1CCD)™ suggests that these proteins bind Ca** in a
very similar way (Figure 6). Interestingly Chowdh-
ury et al. demonstrated that residues Lys43 and
Asp46 in the a-helix 3 of uteroglobin are essential for
its PLAo-inhibitory activity.?*! The independent or
simultaneous mutation of Lys43 and Asp46 to a
glutamate and a lysine, respectively, resulted in the
alteration of the capacity of uteroglobin to inhibit
PLA,.*" Molecular modeling of the substitution of
Asp46 to a lysine in the crystal structure of Fel d 1
suggested that this residue confers the right con-
formation to the calcium-binding site (data not
included). Residue Asp46 contacts the side-chains
of two adjacent lysine residues (Lys42 and Lys54),
stabilizing this region. Substitution of Asp46 to a
lysine residue would disrupt the native conforma-
tion due to electrostatic and steric repulsion. Simi-
larly the mutation of Asp46 to a lysine in uteroglobin
would most probably also result in sterical clashes in
addition to electrostatic repulsions with the side-
chains of residues Lys42, Lys43 and Arg53 (data not
included). Thus, despite the fact that Fel d 1 and

uteroglobin share an overall sequence identity of
only 20%, the crystal structures of Fel d 1 presented
here and previously published'* reveal a striking
similarity to the three-dimensional structure of
uteroglobin. Furthermore, the present crystal struc-
ture presented here demonstrates the presence of a
Ca*"-binding site in each subunit of the Fel d 1
tetramer, equivalent to the putative Ca®*-binding site
in uteroglobin, suggesting a potential mimicry of
uteroglobin by the major cat allergen Fel d 1.

Concluding remarks

The crystal structure of the Fel d 1 tetramer
presented here provides novel information regard-
ing the overall structure of this important allergen.
The structure suggests that Ca®" plays a key role in
the formation of the tetrameric form of Fel d 1
(site 1). Considering the striking overall similarity of
Fel d 1 to uteroglobin (despite very limited sequence
identity), combined with the identification in the
present structure of two additional Ca®*-binding
sites (sites 2 and 3) that correspond to the previously
described putative Ca®"-binding site in uteroglobin,
we may speculate that: (1) the major cat allergen Fel
d 1 may be able to sequester Ca ions from PLA; in a
similar manner to uteroglobin, potentially resulting
in the induction of platelet-activating factors and the
activation of an allergic response; (2) that the cavities
observed in the crystal structures of Fel d 1 may play
a role in allowing for the conformational rearrange-
ment of side-chains present within the dimerization
interface as an alternative to binding of a ligand; and
(3) that the precise knowledge of the Fel d 1 struc-
ture will open for new possibilities to engineer im-
proved cat allergens for immunotherapy.

Materials and Methods

Crystallization and data collection

Protein expression, purification and crystallization of
the recombinant Fel d 1 (1+2) construct have been
described.'® Briefly, Fel d 1 (1+2) was expressed in E.
coli as a construct where chain 2 is directly linked to the
C-terminal of chain 1 using PCR. A C-terminal six
histidine tag was added to the Fel d 1 (1+2) construct
for purification purposes. The protein was purified by
metal affinity, size exclusion and ion-exchange chromato-
graphy and concentrated to 5 mg/ml. Natural Fel d 1 was
purified as described.”® Rod-shaped crystals appeared
after four weeks in 22.5% (w/v) PEG3350 and 0.5 M CaCl,
at 20 °C using the hanging drop vapor diffusion technique.
The crystals belonged to space group P1 and diffracted to
1.6 A resolution.”” A total of 253 images were collected
using beam-line 1711 at MAX-lab (Lund, Sweden) with
1.5° oscillations per image. The space group and unit cell
parameters were determined using the auto-indexing
option of MOSFLM,® and scaling and reduction of the
data were performed using SCALA from the CCP4 suite of
programs®® (Table 1). The unit cell contained two
molecules of Fel d 1 with a molecular mass of 19,177 Da,
giving a solvent content of 37%.
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Figure 6. The shape of the two cavities is different, directly governed by the conformation of centrally localized side-
chains. The shape of the two cavities (in lime-green) is directly governed by the conformation of residues Leul29 and
Asp130. The Ca”* plays a key role in the conformation of the side-chains of these residues. The side-chain of Asp130
(underlined) does not interact with the Ca®* and projects in the cavity in subunit A (in yellow), while the side-chain of
Asp130 (subunit B) binds to the Ca®". The two external Ca ions are also indicated.

Structure determination and refinement

The structure was determined by molecular replace-
ment using the program MolRep.*’ The atomic coordi-
nates of the Fel d 1 (2 +1) (PDB code 1PUO)™ were used as
the search model. Two solutions were unambiguously
identified. Further crystallographic refinement was con-
ducted using the program REFMAC from the CCP4
package.® Five percent of the reflections were set aside for
validation. The structure was first subjected to rigid body
refinement. After each round of refinement, errors in the
model were identified by careful examination of the (2F,—
F.) and (F,~F.) maps with the program O.*' Isotropic,
individual B-factor refinement was used throughout the
procedure. Refinement cycles of TLS parameters were also
performed using REFMAC5.* The final model consists of
291 residues. A total of 270 water molecules were added to
well-defined peaks (2.00 and greater in F,~F. maps) found
between 2 A and 4 A from O or N atoms in the protein,
using the program ARP in REFMAC. Within the set of
water molecules, those having very low B factors and
residual density were examined as possible Ca ions, and if
there were appropriate interactions with amino acid
residues, they were refined as Ca ions. The stereochem-
istry of the model was validated using the program
PROCHECK.* Structural comparisons were carried out
with Swiss PDBViewer using default parameters.** The

final refinement parameters are presented in Table 1. The
Figures were created using the program PyMOLS.

Protein Data Bank accession code

The atomic coordinates and structure factors (PDB code
2EJN) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ, USA.

Lymphoproliferation assay in PBMC cultures

Peripheral blood mononuclear cells (PBMCs) were
isolated from five cat-allergic patients, all with allergen-
specific IgE to cat (Pharmacia CAP System, Phadia AB,
Uppsala, Sweden) by Ficoll-Paque (GE Healthcare Bios-
ciences, Uppsala, Sweden) density gradient centrifuga-
tion. PBMCs (2 x 10°) were cultured in triplicate in 96 well
microtiter plates (Nunc, Roskilde, Denmark) in 200 pl of
complete RPMI medium (i.e. RPMI 1640 supplemented
with 10% (v/v) bovine growth serum (Hyclone, Utah,
USA), 2 mM glutamine (Sigma), 50 pM p-mercaptoethanol
(Sigma), 25 pg/ml of gentamicin, 100 IU/ml of penicillin

§ http: // pymol.sourceforge.net/
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and 100 pg/ml of streptomycin (Gibco, Invitrogen
Corporation, UK)) at 37 °C and 5% CO, in a humidified
atmosphere. Cells were stimulated with different concen-
trations of Fel d 1 (1+2) (1, 10 and 25 pg/ml) or left un-
stimulated with medium alone in triplicates. After six
days, proliferative responses were measured by [’H]
thymidine incorporation and expressed as stimulation
indices, as described.*®

Flow-cytometry assisted cell proliferation assay
(FASCIA) in whole blood

To compare biological activities of Fel d 1 (1+2) and (2+1)
we applied a method that was described for cell-mediated
immune responses after stimulation with viral antigens
(flow-cytometric assay of specific cell-mediated immune
response in activated whole blood; FASCIA).* Briefly,
whole blood collected in heparinized tubes from two cat
allergic patients (ImmunoCAP-positive to cat) and one
healthy control (ImmunoCAP-negative for serum-IgE to
cat) was diluted eight times in complete RPMI medium. The
diluted blood was stimulated in FACS tubes for seven days
with 20 png/mlof Fel d 1 (1+2), Fel d 1 (2+1) or incubated in
medium only. One pg/ml of tuberculin purified protein
derivate (PPD) was used as a positive control (Statens
Serum Institut, Copenhagen, Denmark). After incubation
the cells were washed and stained with anti-CD3-FITC and
anti-CD4-PerCP (BD Pharmingen, San José, CA, USA) at
room temperature for 20 min. Erythrocytes were lysed twice
with 1x Pharm lyse (BD Pharmingen), washed in phos-
phate-buffered saline (PBS) and fixed with 450 pl of Cellfix
(BD Bioscienses, San José, CA, USA). Cells were analyzed by
flow cytometry on a FACSCalibur instrument (BD Bios-
ciences) using the Cellquest software. As a measure of
stimulation, the number of proliferating CD3" /CD4" cellsis
expressed as the number of proliferating cells/ml of blood.

Endotoxin test

Endotoxin activity in the Fel d 1 (1+2) and (2+1)
preparations was determined as endotoxin units (EU)/ml
based on the limulus amebocyte lysate endochrome assay
(Charles River Endosafe), according to the manufacturer’s
instructions.

Basophil activation assay

The activation of basophils was measured by analysis of
CD63 on CD203 positive cells as described.” Briefly,
heparinized blood samples were taken from three cat-
allergic patients (ImmunoCAP-positive for serum-IgE to
cat) and the aliquots (100 pl) incubated with dilutions of
natural Fel d 1, Fel d 1 (1+2) and Fel d 1 (2+1) antigens,
anti-IgE antibody (1 pg/ml), or PBS for 15 min (37 °C). After
incubation, cells were washed in PBS/EDTA and then
incubated with 10 pl of phycoerythrin-labeled CD203c
monoclonal antibody 97A6 (Immunotech, Marseille,
France) for 15 min at room temperature. Thereafter samples
were subjected to erythrocyte lysis with 2 ml of lysing
solution. Cells were then washed, resuspended in PBS, and
analyzed by two-color flow cytometry using a FACSCali-
bur instrument (BD Biosciences). The basophil marker
CD203c was used to set a basophil gate including only
CD203c" cells. The cells were further analyzed for granule
release using an anti-CD63 antibody. The magnitude of
basophil activation was calculated as the percentage of
CD63" cells among the gated basophils (CD63*/CD203c").

Direct ELISA

Serum specimens from four individuals were selected on
the basis of positive IgE responses to cat dander (Immuno-
CAP-positive to cat). For control purposes serum from one
non-cat-allergic control was used. The serum samples were
analyzed in duplicate by ELISA for IgE antibody binding
torecombinant Fel d 1 (1+2) or Fel d 1(2+1). The assay was
performed as a sequential, solid phase adsorption of
allergens, serum sample, primary antibody, antibody
conjugate and finally substrate, and included rinsing four
times with 250 pl of PBS containing 0.05% (v/v) Tween 20
(PBS-T) between incubations. Unless stated otherwise all
steps were performed at room temperature. Microtiter
plates (96 wells) were coated with 100 pl of Fel d 1(1+2)
and Fel d 1 (2+1) to final concentrations of 5 ug/mlin 0.1 M
carbonate buffer (pH 9.6). After overnight adsorption at
4 °C, the plates were emptied, and the remaining protein
binding sites were blocked with 200 ul of PBS-T containing
1% (w/v) bovine serum albumin for 2.5 h at room tem-
perature. Each serum sample (100 pl) was diluted 1:1 in
PBS (duplicates) and incubated for 2 h, after which 100 pl of
rabbit anti-human IgE (Miab, Uppsala, Sweden; diluted
1:2000 (v/v)) was added, and incubation was continued
for 2 h. Finally, 100 ul of goat anti-rabbit antibody (Dako,
Denmark; diluted 1:2000 (v/v)) conjugated to alkaline
phosphatase was added, and incubation continued for 1 h.
Alkaline phosphatase substrate tablets (Sigma 104®
Diagnostics) were used for color development, and the
color reaction monitored at 405 nm was registered using an
automated ELISA reader (Multiskan RC, Labsystems,
Helsinki, Finland).

Competition ELISA

A competition assay of serum IgE was performed using
pooled sera from three individuals sensitized to cat
(ImmunoCAP-positive to cat) and the serum from the
non-allergic control. Microtiter plates (96 wells) were coated
with 100 pl of 5 ng/ml Fel d 1 (1+2). Three-fold serial
dilutions in PBS-T of Fel d 1(1+2), Fel d 1 (2+1) and natural
Fel d 1, were incubated at a 1:1 volume ratio with the serum
pool diluted 1:2 (v/v) in PBS for 2 h at room temperature
and thereafter added to the wells. The dilutions ranged
from 3000 ng/ml to 0.46 ng/ml and the incubation was
performed over night at 4 °C. The absorbance value for the
serum pool without inhibitor protein and that for the
negative control serum were regarded as no inhibition and
complete inhibition, respectively. The subsequent steps
were as described for the direct ELISA.
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