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The dog lipocalin allergen Can f 2 is an important cause of allergic
sensitization in humans wor;ldwide. Here, the first crystal structure of
recombinant rCan f 2 at 1.45 A resolution displays a classical lipocalin fold
with a conserved Gly-Xaa-Trp motif, in which Trp19 stabilizes the overall
topology of the monomeric rCan f 2. Phe38 and Tyr84 localized on the L1
and L5 loops, respectively, control access to the highly hydrophobic calyx.
Although the rCan f 2 calyx is nearly identical with the aero-allergens
MUP1, Equ c 1 and A2U from mouse, horse and rat, respectively, no IgE
cross-reactivity was found using sera from five mono-sensitized subjects.
However, clear IgE cross-reactivity was demonstrated between Can f 2 and
the cat allergen Fel d 4, although they share less than 22% sequence identity.
This suggests a role for these allergens in co-sensitization between cat- and
dog-allergic patients.
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Introduction

Allergy to mammals is globally prominent and
chronic exposure to allergens can lead to allergenic
sensrtlzatlon and development of hyper-reactivity
and asthma.' Crystal structures of some mammalian
aero-allergens have been determined, including cat
allergen Fel d 1,° mouse urmary protein (MUP1)”
and horse allergen Equ c 1.* However, no 3D struc-
ture has been determmed for the few dog allergens
identified so far.”'® The two best studied dog
allergens Can f 1 (Dog allergen 1 or Dog 1) and
Can f 2 (Dog allergen 2 or Dog 2) cause worldwide
allergic disease. Can f 1 is present in tongue epithe-
lial tissue and Can f 2 is produced in both tongue
and parotid gland.” It has been demonstrated that
serum IgE from 75% of dog-allergic patients can
bind to recombinant forms of Can f 1 and Can f 2.
The IgE-binding feature can be used in the diagnosis
of dog allergy.1%-12 Both dog allergens were found to
induce hlstamme release from blood basophils of
allergic subjects.”

Most of the major mammalian respiratory aller-
gens, e.g. from mouse, rat, cow and horse, are lipo-
calins.191314 The dog allergens Can f 1 and Can f 2,
which share only 24.5% sequence homology, have
been predicted to belong to this protein family.’
Although they most often share only 18-25%
sequence identity, lipocalins are defined by the
striking overall similarity of their 3D fold as well as
the presence of one to three structurally conserved
regions (SCR) that act as a family signature.
Lipocalins typically have a cup-shaped cavity
within the central p-barrel formed by eight anti-
parallel B-strands (B o—R 1) with a loop scaffold that
might regulate access to the ligand-binding site.
Both ends of the p-barrel are topologically distinct.
The top end of the R-barrel comprises the extended
loop L1 along with three R-hairpin-forming loops
(L3, L5 and L7) that open to the ligand-binding site,
while the bottom end of the B-barrel is formed by
three R-hairpin-forming loops (L2, L4 and L6) and
the conserved N-terminal 3;p-helix that effectively
closes the barrel (closed end of the molecule).
Finally, the short helix H1 is localized adjacent to
the core of the p-barrel.

Lipocalins can be divided into two structural sub-
families named kernel lipocalins and outliers, on the
basis of the presence or the absence of three
structurally conserved regions (SCR1-SCR3) that
are localized within the closed end of the barrel.'>"”
While SCR1 is formed by the 5 strand and the 3o-
helix, SCR2 comprises sections of the Br and Bg
strands as well as the entire L6 loop that connects
them. Finally, SCR3 is formed by the C-terminal end
of the py strand and adjacent residues, conserved
among most lipocalins, localized on the unique helix
H1. While all three SCR are present in kernel
lipocalins, outlier lipocalins have a maximum of
two SCR.

Ligand specificity of lipocalins is regulated by
the amino acid residues that line their binding
pocket.'>'® A large variety of ligands, most of them

hydrophobic or amphiphilic, binds to lipocalins. In
some cases, binding of the ligand is cr1t1cal for the
biological functions of the lipocalin.'” While some
lipocalins display high specificity towards a ligand
(e.g. retinal-binding protein with vitamin A),'**
others are much more versatile and bind several
different compounds.?' Importantly, a common bio-
logical function shared by most lipocalins is to
transport small hydrophobic compounds such as
pheromones and vitamins.'*

The lipocalin family comprises at least 50 different
proteins present in all branches of life (bacteria, fungi,
plants and animals).”> The functions that have been
ascribed to lipocalins are many and diverse. Most of
the extracellular lipocalin allergens, including mouse
(mouse urinary protein, MUP1),” horse (Equ c 1),8%
cow (Bos d 2)?* and cat (Fel d 4),2° retmol -binding
protein (RBP),*** p-lactoglobulin® " and apolipo-
protein D (ApoD)®! are thought to function as
carriers of ligands. Other lipocalins, such as von
Ebner’s gland protein (VEGP),”*** neutrophil gela-
tinase-associated hpocahn (NGAL)3*3> and al-
mlcroglobuhn (AIM)*® are scavengers of fatty
acids, iron and heme, respectively, in extracellular
fluids. The lipocalin family includes redox enzymes
such as prostaglandin D synthase and plant epox-
idases, as well as proteins regulating cell differenti-
ation and growth such as fatty acid-binding protein
and glycodelin."

In an effort to understand the structural basis
underlying the allergenicity of the major dog
allergen Can f 2, we have determined the crystal
structure of recombinant (r)Can f 2 to 1.45 A
resolution. The 3D structure of rCan f 2 reveals a
classical lipocalin fold with a highly hydrophobic
calyx occupied by a glycerol moiety. The shape of the
calyx and the properties of the residues lining the
cavity are nearly identical with the aero-allergens
MUP1, Equ c 1 and A2U (ay,-globulin). However,
using sera from five subjects sensitized to Can f 2, no
IgE cross-reactivity could be demonstrated between
rCan f 2 and these lipocalin allergens or any of the
other human lipocalins tested. Conversely, clear IgE
cross-reactivity was demonstrated between rCan f 2
and the cat lipocalin allergen Fel d 4, which share less
than 22% identity. Structural and sequential com-
parison suggested a solvent-exposed region, nega-
tively charged in both rCan f 2 and Fel d 4, and
formed by three independent stretches of residues
surrounding the a-helical H1 domain, as a potential
common conformational epitope.

Results and Discussion

Recombinant Can f 2 displays allergenicity
equivalent to that of natural Can f 2

We have demonstrated that rCan f 2 displayed
similar if not identical IgE-binding properties when
compared to its natural counterpart (Fig. 1a).
Quantification of specific IgE reactivities towards
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Fig. 1. The recombinant and the naturally occurring Can f 2 exhibited equivalent IgE binding properties. (a) Pooled
sera from three Can f 2-sensitized individuals were pre-incubated with threefold dilutions (x-axis) of natural (M) and
recombinant (@) Can f 2, followed by detection of IgE-responses by ELISA. Inhibition was calculated as responses (in%)
after addition of the antigen (y-axis). (b) The sensitization profile to the three common dog allergens Can f 1, Can f 2 and
Can f 3 as well as to the cat allergen Fel d 4 was identified by quantification of specific IgE reactivity. The prevalence of IgE
responses to Can f 1, Can f 2, Can f 3 (albumin) and Fel d 4 in 89 dog-sensitized individuals was 67%, 40%, 25% and 54%,

respectively, as measured by ELISA.

the three dog allergens Canf1, Canf2 and Canf3as
well as the cat allergen Fel d 4 in 89 dog-sensitized
subjects revealed responses in 67%, 40%, 25% and
54%, respectively. Furthermore, it should be noted
that five Can f 2-sensitized individuals without IgE-
antibodies to Can f 1 were identified (Fig. 1b;
Supplementary Data Table I). This observation is
crucial, as previous studies did not determine spe-
cific IgE-antibodies towards Can f 2 in the absence of
Can f 1 sensitization.”'” These results were con-
firmed by the analysis of sera from 21 asthmatic
children sensitized to dog using the allergen com-
ponent chip Immuno Solid-phase Allergen Chip
(Phadia, Uppsala Sweden), where sera from two
subjects reacted exclusively to Can f 2 and not to Can
f 1 (data not shown).

Determination of the crystal structure of rCan f 2

The 3D structure of the allergen rCan f 2 was
determined to a resolution of 1.45 A (Table 1). The
model displays good stereochemistry and the Rcrys:
and Rg.. values for the refined structure are 15.75%
and 16.83%, respectively. The asymmetric unit
includes one rCan f 2 molecule (residues 7-157),
one glycerol molecule and 129 water molecules. The
final electron density map is of high quality with
well defined polypeptide chains. The six N-terminal
residues were not defined by electron density,
indicating disorder in this reglon The average
B-factor of the final model, 13.7 A?, is very close to
the B-factor calculated from the Wllson plot (Table 1).

The dog allergen rCan f 2 belongs to the
lipocalin structural family

The 3D structure of rCan f 2 displays a characte-
ristic lipocalin fold'” with a p-barrel structure with
eight central, anti-parallel p-strands (R A—Rp) inter-

rupted by intermittent p-hairpin-forming loops (L1-
L7) and with an adjacent a-helix (H1) localized at
the C-terminus of the protein. The overall 3D
structure, punctuated by four 31 helices, is stabi-
lized through the formation of a disulfide bridge
between Cys64 and Cys157 localized on the pp-
strand and on the extended C-terminal loop, respec-
tively (Fig. 2a and b). This is a Characterlstlc feature
of the highly conserved lipocalin fold."” The crystal
structure of rCan f 2 shows a topological polarity
with two distinct regions. The first region, which we
call the open end, might act as a ligand-binding site
and as an access to the calyx/cavity of rCan f 2,
while the second region, the closed end, might act as
a binding site for surface receptors (Fig. 2a and c). It
should be noted that the open end region of rCan £ 2,
composed of the four loops L1, L3, L5 and L7, is
highly variable when compared to other lipocalins
(Figs. 2a and ¢ and 3). Conversely, the sequence of
the N-terminal 3, helix, which effectively closes the
barrel in the closed end region, is conserved among
all lipocalins.

It has been demonstrated in other lipocalin
homologues such as the horse allergen Equ < 1,7
aphrodisin®” and the boar salivary lipocalin,®® that
an asparagine residue (Asn50) localized on the L2
loop can be glycosylated However, although
Asnb0 is conserved in rCan f 2, the amino acid
motif required for efficient glycosylation of this
position is missing. Conversely, predictions for
glycosylation sites in the rCan f 2 sequence using
the NetNGlyc server 1.0f suggested the stretch of
residues Asn27-Ser29 as a potential site that is
localized on the tip of the L1 loop.

1 http:/ /www.cbs.dtu.dk/services/NetNGlyc/
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Table 1. Data collection and refinement statistics of the
crystal structure of rCan f 2

rCan f 2
A. Data collection
Wavelength (A) 0.93
Space group €222,

a () 68.18

b (A) 76.90

¢ (A) 64.99
Beamline ID 14-2 /ESRF

Resolution (A)
No. observed reflections
No. unique reflections

34.50-1.45 (1.53-1.45)
196,193 (28,265)
30,546 (4370)

Redundancy 6.4 (6.5)
Completeness (%) 99.8 (99.6)
Rmerge (%) 8.4 (47.1)
I/o(I) 13.1 (3.9)
B. Refinement statistics
Resolution (A) 32.50-1.45
Reryst (%) 15.75
Reree (%) 16.83
No. protein atoms 1250
No. water molecules 129
No. glycerol molecule 1
No. chains: 1
rmsd from ideal geometry
Bond lengths (A) 0.010
Bond angles (deg.) 1.426
Ramachandran plot

Preferred regions (%) 93.5

Allowed regions (%) 5.8

Outliers (%) 0.7
Wilson B-value (A?) 13.6
Average B-value

Protein (A%) 13.7

Water (A%) 29.3

Glycerol (A?) 40.7

Values in parentheses are for the highest resolution shell.
Rmerge: zhki Zi | I,‘ (hkl)—<[(hkl)> I /th] Zi Ii (hkl), where Il(hkl) is the
ith observation of reflection Ikl and (I (hkl)) is the weighted
average intensity for all observations i of reflection hkl.
Reryst=2 I 1 Fol=1F. I 1 /¥ 1F, 1, where |F,l and |F.| are the
observed and calculated structure factor amplitudes, respectively,
of a particular reflection and the summation is over 95% of the
reflections in the specified resolution range. The remaining 5% of
the reflections were selected randomly (test set) before the
structure refinement and were not included in the structure
refinement.

Reree Was calculated over these reflections with the same equation
used for Repyst-

The highly conserved tryptophan residue Trp19
plays a key role in the formation and
stabilization of the lipocalin fold

Specific residues that are highly conserved among
lipocalins and that are localized within the core of
the p-barrel are crucial for their overall stabili-
zation.” Most of these residues are also conserved
in rCan f 2. Trpl9, localized on the [a-strand,
stabilizes the overall fold of rCan f 2 through the
formation of a hydrogen bond and van der Waals
interactions with the side chain of Arg122 localized
on the Py-strand (Fig. 4; Table 2). It has been
demonstrated that substitution of the homologous
tryptophan and arginine residues in the lipocalin

retinal-binding protein (RBP) led to loss in stability
and lower yields of proteins.”” Furthermore, many
hydrogen bonds are formed between the centrally
localized key tryptophan residue Trpl9 and the
surrounding residues Leul5, Arg18, Ile42 and His43
(Fig. 4). The overall fold of rCan f 2 is further stabi-
lized through the formation of a net of hydrogen
bond interactions between the side chain of Argl22
and the main-chain carbonyl groups of Glul14, Ser16
and Pro97 (Fig. 4).

A glycerol moiety is bound within the
hydrophobic ligand-binding cavity of rCan f 2

The central elliptical cavity (or calyx) of rCan f 2,
which is dominated by hydrophobic residues,
suggesting that the dog allergen is able to bind
and carry small hydrophobic molecules (Fig. 5),
covers an area of 386.8 A% and a volume of 454.2 A®
(Table 2). Strong residual electron density that
cannot be attributed to side chains or ordered
water molecules indicates a bound ligand within
the cavity of rCan f 2. Although the nature of this
ligand in the recombinant protein is unknown, it
has been modeled as a glycerol molecule that is
present at high concentration in the crystallization
conditions.* In addition, two well ordered water
molecules were found buried within the calyx of
rCan f 2 (Fig. 6a). The size and the overall hydro-
phobicity of the calyx of rCan f 2 are very similar to
the calyces of the murine MUP1, the equine Equ ¢ 1
and the rat A2U allergens (Fig. 5).*! Both MUP1 and
A2U, with slightly more prominent and spherical
hydrophobic cavities when compared to rCan f 2,
act as pheromone carriers.”2! The relative conser-
vation of specific aromatic and hydrophobic resi-
dues such as Phe38, Val40, Leu69, Leu82 and Tyr84
in rCan f 2 when compared to MUP1 and A2U
indicates that similar molecules may bind to all three
allergens (Fig. 6b). Interestingly, it has been sug-
gested that Tyr84 might play an important role in
providing access and binding ligands in the lipoca-
lin allergen aphrodisin.”” Thus, one could speculate
that, like the other aero-allergens, Can f 2 might be
able to bind and carry pheromones.

Lipocalin conserved residues Phe38 and Tyr84
control access to the calyx of rCan f 2

The internal buried calyx of rCan f 2 is not exposed
to the solvent directly, raising the question of how
the ligand enters the core. One can speculate that
rCan f 2 refolds around the ligand upon binding, or
that an entry (or many entries) might allow passage
of the ligand into the calyx. Our analysis of the
crystal structure of rCan f 2 suggests that specific
residues, conserved among most known lipocalins,
might be able to regulate the access of ligands to the
calyx in the fully refolded rCan f 2. In particular,
loops L1 and L5 form a lid, which might take diffe-
rent conformations upon binding/release of the
ligand by rCan f 2 (Fig. 7a). Residues positioned on
both L1 and L5, such as Tyr84 and Phe38 as well as
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SCR1

SCR2 SCR3

Closed End

Fig. 2. The three-dimensional structure of rCan f 2 displays a characteristic lipocalin fold. (a) The eight anti-parallel
B-strands that compose the lipocalin -barrel are labeled pa—pB1. An additional p-strand (By) is localized towards the
C-terminal end of the molecule. Loops (L) and a-helices are shown green and red, respectively. A disulfide bridge links
the C-terminal end of the molecule to the pp-strand indicated in sticks. The open and closed ends of rCan f 2 are indicated.
(b) Top view of the molecule through the open end, showing access to the calyx as well as the bound glycerol moiety
(GOL). Red spheres represent the two water molecules present in the calyx. (c) Topological representation of rCan f 2
labeled with structurally conserved regions at the closed end and variable loop regions at the open end of the ligand-
binding site. Structurally conserved regions characteristic of the lipocalin fold are indicated in boxes.

the adjacent residues Gly86, Asn88 and Asn107, are
conserved among lipocalins. Hydrogen bonds are
formed between the side chains of Asn88 and
Asnl107, localized both beneath the L5 loop, and
the carbonyl atoms of Tyr84 and Trp85, respectively.
Similarly, the L1 loop is stabilized by hydrogen
bonds formed between the conserved arginine resi-
due Arg39 and residues Ile32 and Asp155 (Fig. 7a).
Finally, van der Waals interactions between the side
chains of the key residues Phe38 and Tyr84 and
between the relatively conserved residues His37 and
Trp85 seal the access to the calyx (Fig. 7a).

It should be noted that the conformation of the L1
and L5 loops in rCan f 2 is very conserved in the
crystal structures of other aero-allergens with a
bound ligand (Fig. 5; Table 2), suggesting that the
residues described above might also play an impor-
tant role in their ligand specificity. Modeling of the

mutation of tyrosine residues at position 84 to
glycine in bovine and porcine odorant-binding pro-
teins created a wider access to the internal cavity.?”
Furthermore, although the electron density for
Phe38 demonstrates that this side chain takes only
one conformation in rCan f 2, another conformation
is possible (no steric hindrance was observed) that
might open access to the calyx and allow for passage
of small hydrophobic compounds.

The dog allergen rCan f 2 is a monomer
at neutral pH

Previous structural studies revealed that some
lipocalins are found as dimers, although there is no
consistent pattern in their formation. However, it
should be noted that similar to rCan f 2 in this study,
other lipocalins such as the bovine allergen Bos d 2,**
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the boar salivary lipocalin® and aphrodisin,” are
found as monomers. Also, while some lipocalins
can be found in both monomeric and dimeric forms,
no clear correlation can be attributed to pH. Thus,
while the bovine B-lactoglobulin forms a dimer at
physiological pH and remains monomeric at acidic
pH, the porcine , p-lactoglobulin homologue is a
dimer at acidic pH and exists as a monomer at neutral
pH.384344 Finally, in the case of odorant-binding
proteins, the swapping of a- helices between mono-
mers results in dimer formation.*> Thus, we cannot
exclude the possibility that the dog allergen exists as
a dimer, potentially formed at lower pH values.

IgE from Can f 2-sensitized subjects
cross-reacts with Fel d 4 from cat

A search for the highest level of structural homo-
logy between Can f 2 and other lipocalins was done
with the program Dali.* The highest Z-scores
(23.4-21.4) were provided only by other lipocalin
allergens, demonstrating the structural homology
of rCan f 2 to these aero-allergens (Table 2).
However, the resemblance of rCan f 2 to MUP]I,

Fig. 4. Trp19, highly conserved
among lipocalins, stabilizes the
lipocalin fold. Residue Trp19 local-
ized on the P -strand stabilized the
overall fold of rCan f 2 through the
formation of hydrogen bond and
van der Waals interactions with the
side chain of Argl22 localized on
the py-strand. An intricate network
of hydrogen bond interactions is
formed between the centrally loca-
lized key residue Trpl9, Argl22
and the surrounding residues
Glul4, Leul5, Serl6, Argl8, Ile42,
His 43 and Pro97.

Equ ¢ 1 and A2U is striking due to the overall
similarity of their calyces (Figs. 5 and 6b). In contrast,
the structural similarity of rCan f 2 to human
proteins was much lower, although some interesting
hits were sampled for HC8y (human complement
component-8vy) (Z 16.4),*” NGAL (Z 15.3),3+35 RBP
(Z 14.1)*® and VEGP, also known as tear lipocalin Tlc
(Z 14.9).%*?% Comparative structural analysis reveals
that although rCan f 2 and these human proteins
have very similar folds, the shape of the calyces and
the properties of the bound ligands are very
different. Furthermore, the surface of these human
proteins does not share any clear common feature
with rCan f 2 (Fig. 5).

IgE cross-reactivity (using sera from five subjects
with high Can f 2 reactivity) was tested towards a
panel of mammalian aero-allergens including Fel d
4, Equ c 1 and Can f 1 as well as human lipocalin
homologues such as RBP and NGAL. Although Can
f 2 shares less than 22% sequence identity with the
cat allergen Fel d 4,” our assay clearly demonstrated
a patient-dependent cross-reactivity (up to 58%)
between these two lipocalins (Fig. 8a). In contrast, no
cross-reactivity was observed with Canf1, Equc1 or
any of the human homologues RBP and NGAL.
Interestingly, although the aero-allergens Equ c 1

Fig. 3. Multiple sequence alignment of select members of the lipocalin family comprising trichosurin, major aero-
allergens and human homologues to rCan f 2. Blue shading indicates the structurally conserved regions (SCR1-SCR3).
Similarity scores are represented according to ESPript:72 white font with red frame, strictly identical residues (Trp19,
Cys64 and Cys157); red font with blue frame, similar residues. Green shading indicates the major probable epitope region
(25-41) that is conserved in all allergens. Red shading indicates the same region in human lipocalin homologues. Yellow
shading indicates the second major epitope region (94-97) identified earlier in lipocalins. Secondary structure elements are

indicated above the sequences.
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Canf2 Mouse-MUP Human-TIc/VEGP Human-NGAL

Fig. 5. The central elliptical calyx and the overall fold of rCan f 2 are very similar to other aero-allergens in shape and
properties. The calyx of rCan f 2, indicated in gray, is very similar in size and shape to other aero-allergens, such as MUP1,
A2U and Equ ¢ 1. In contrast, the human homologues VEGP and NGAL display a much wider access to the central shallow
calyx. rCan f 2 displays a high level of structural homology to other aero-allergens but its surface electrostatic potential
varies drastically when compared to human homologues. Comparison of the surface electrostatic potential at the entrance
to the calyx (top end) reveals that, in contrast to all the aero-allergens, the entry to the calyx in the human homologues is
widely accessible to the solvent. Furthermore, the residues that line the calyx in the human homologues are highly
charged. It should be noted that the hydrophobic internal calyx in the allergens presented is hidden by the L1 and L5 loops,
which cover and close its entry. All molecules were rotated 90° in order to be viewed from the open end of the calyx.

(@) (b)

Leus2 Leus2

Leu6? Met105

& (o

Fig. 6. A glycerol moiety is bound within the hydrophobic ligand-binding cavity of rCan f 2. (a) A glycerol moiety at
the centre of the calyx is represented within the electron density, contoured at 1.20. The hydrophobic residues that line the
calyx and surround the glycerol molecules are also represented. Two well-ordered water molecules, WAT1 and WAT?,
are also present within the calyx of rCan f 2. (b) The relative conservation of hydrophobicity within the calyx of rCan f 2,
MUP-1 and A2U indicates that similar molecules might bind to all three allergens. Residues lining the calyces of rCan f 2
(white atomic color mode), MUP1 (yellow) and A2U (purple) are very well conserved between these three aero-allergens,
indicating that rCan f 2 might also act as a carrier of small hydrophobic molecules and pheromones. Phe38 and Tyr84,
which control access to the calyces, are also highly conserved among these allergens. The glycerol moiety (GOL) and the
water molecules (WAT1 and WAT?2) present in the calyx of rCan f 2 are indicated.
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(a)

Fig. 7. (a) Loops L1 and L5 control access to the calyx of rCan f 2. Lipocalin-conserved residues Phe38 and Tyr84
control access to the calyx of rCan f 2. Aromatic-aromatic interactions are formed between the side chains of Tyr84 and
Phe38 as well as between Trp85 and His37, effectively closing the passage to the calyx of rCan f 2. The conformation of the
L1 and L5 loops is further stabilized by hydrogen bond interactions between Arg39, Ile32 and Asp155, as well as between
the side chains of Asn88 and Asn107 and the carbonyl atoms of Tyr84 and Trp85. (b) The L1 loop acts as a lid over the
open end of the calyx. The solvent-exposed side chains from the stretch of residues 2541 (represented as sticks in white
atomic color mode) that are localized on loop L1 and might represent a common epitope are represented. The schematic
representation of the rest of the rCan f 2 molecule is in blue. Residues that are highly conserved among lipocalin allergens
are underlined and the residues potentially involved with glycosylation are in italics.

render this region more negatively charged. The four
additional sets of residues Tyr100/Tyr101, Asp123/
Glul24, GIn128/GIn129 and Asp140/Glul41 shared
between Can {2 and Fel d 4, respectively, might play a
key role in the formation of this potential conforma-
tional epitope. Importantly, the negatively charged
side chains of Asp140 and Glu141 are replaced by the
positively charged side chain of the lysine residue
Lys159 in Equ c 1. Similarly, the glutamine residues at
position 128 and 129 in Can f 2 and Fel d 4,
respectively, are replaced by a proline residue in
Equ c 1. Distances between surface-exposed residues
from adjacent stretches of linear epitopes are <6 A,
which is one of the pre-requisites for a conformational
epitope (Fig. 8c).

In conclusion, at least four non-exclusive hypoth-
eses could explain the observed cross-reactivity of
Can f 2-specific IgE to rFel d 4. First, as suggested

above, a solvent-exposed IgE conformational epi-
tope common only to rCan f 2 and Fel d 4 could
provide a template for IgE cross-reactivity. Second,
one could speculate that the quality of the bound
ligand could result in a conformational change that
would create a de novo epitope on the surfaces of
some of the lipocalins but not on others. This
hypothesis is, in our opinion, viable between rCan
f 2 and Fel d 4 because the residues that line the
calyces are conserved between these two lipocalins.
However, this does not explain why other aero-
allergens, such as Equ c 1, with a very similar calyx
do not cross-react. Third, the dimerization of the
aeroallergen may result in the creation of a new
epitope region. Interestingly, Equ c 1 forms a dimer
whereas both rCan f 2 and rFel d 4 are monomers. It
should be noted also that the Equ c 1 residues
Lys159 and Argl60 are part of the dimerization

Fig. 8. rCan f 2 cross-reacts with the cat lipocalin allergen Fel d 4. (a) IgE antibodies to Can f 2 in sera from five
sensitized subjects were incubated with lipocalin aero-allergens and human lipocalin proteins. IgE antibody cross-
reactivity was observed with rFel d 4 but not with the aero-allergens rCan f 1 and Equ ¢ 1 nor with the human lipocalins
RBP and NGAL. (b) Whole blood cells from one representative asthmatic child sensitized to dog and cat were stimulated
with rCan f 2 and rFel d 4. A flow cytometric analysis of gated CD203c" basophils is presented (upper left panel).
Activated basophils are displayed as the percentage of CD63" cells among 200 gated CD203c" cells (upper right panel).
Induction of dose-dependent allergen activation (y-axis) of basophils (lower panel). (¢) Upper: Molecular surface
representation of the crystal structures of Can f 2 and Equ ¢ 1 compared to a molecular model of Fel d 4. The solvent-
exposed residues that are similar between Can f 2 and Fel d 4 are in green. The corresponding residues that differ in Equ c
1 are in red. Lower: Comparative structural analysis suggests the presence of a conformational epitope formed by the
three different stretches of residues 94-104 (EVDPKSYLILY), 122-132 (RDLSRQQDFLP) and 134-141 (FESVCEDI). The
side chains of the solvent-exposed residues from each stretch of residues are displayed as sticks.
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interface. Thus, the dimerization of Equ c 1 might
hinder the cross-reactivity with rCan f 2. Finally, the
last possibility 1nv01ves the potential polyreactivity
of antibody molecules.”” At least 20% of B-lympho-
cytes in peripheral blood make polyreactive anti-
bodies, the role of which is still unclear when it
comes to the initiation of autoimmunity and allergic
responses. It should be noted that at least two
studies have demonstrated the ability of antlbodles
to recognize poorly related® or totally unrelated*
targets. Thus, one could imagine a scenario in which
Can f 2-specific IgE antibodies could also bmd to Fel
d 4 through structural re-arrangements.”

Concluding remarks

The present study provides a structural charac-
terization of the major dog aeroallergen rCan f 2 and
a comparative analysis of other major aero-allergens
and human proteins. The crystal structure of rCan f
2 shows a classical lipocalin fold, exhibiting all the
typical features ascribed to this protein family.
Residue Trp19 in the highly conserved SCR1 region
acts as a pillar residue, keeping the overall topology
of the monomeric rCan f 2 intact. The conserved
residues Phe38 and Tyr84 localized on the L1 and L5
loops, respectively, control access to the highly
hydrophobic calyx. Although the shape of the rCan f
2 calyx as well as the properties of the residues lining
the cavity are nearly identical with the aero-
allergens MUP1, Equ ¢ 1 and A2U, functional ana-
lysis using sera from five Can f 2-sensitized subjects
demonstrates that IgE antibodies to Can f 2 cross-
reacted exclusively with the cat lipocalin allergen Fel
d 4, suggesting a potential role for these allergens in
co-sensitization between cat and dog. Careful struc-
tural comparison of the structures of Can f 2 with Fel
d 4 and Equ c 1 suggested a negatively charged
conformational epitope surrounding the H1 domain
as a potential site for cross-reactivity.

Materials and Methods

Sera

Sera from 89 patients with IgE responses >5 kU, /L
(ImmunoCAP™, Phadia, Uppsala, Sweden) to dog
dander extract, collected from the diagnostics department
at the Karolinska University Hospital, Solna, were used to
analyze IgE binding to the dog allergens Can f 1, Can f 2,
Can f 3 and the cat allergen Fel d 4. Sera from 21 asthmatic
children were analyzed for specific IgE levels using
immuno_solid-phase allergen chip 103 technology
(Phadia).”® The collection of sera for this study was
approved by the local ethics committee at the Karolinska
University Hospital.

Production and analysis of polyclonal anti-Can
f 2 antibodies

Four female BALB/c mice (Charles River Sulzfeld,
Germany) were injected three times with 25 pug of Can f 2
in alum, blood was collected and allergen-specific IgG

antibodies were purified essentially as described.®”-%8
Animal experiments were approved by the Swedish
local ethics committee for animal welfare. ELISA was
performed as described.” Briefly, 96-well ELISA plates
(Nunc, Roskilde, Denmark) were coated with 100 pl of
5 png/ml of either Can f 1 or Can f 2/well and blocked with
1% (w/v) BSA in PBS. Purified mouse antibodies (diluted
1/1000) were added in fivefold dilutions to the wells.
After 2 h, IgG was detected using AP-conjugated rabbit
anti-mouse IgG (diluted 1:1000, Southern Biotech, Bir-
mingham, AL, USA). AP tablets (Sigma-Aldrich, Stein-
heim, Germany) were used for color development
followed by measurement of absorbance at 405 nm. No
binding of Can f 2 antibodies to rCan f 1 was detected.

Allergen preparations and human lipocalins

Recombmant Can f 2 was produced and purified as
described.”” A synthetic gene corresponding to rCan f 1
(SwissProt accession no 018873) was produced by PCR
using overlapping oligonucleotides and DNAWorksll,
while the gene corresponding to rFel d 4 (SwissProt
accession no Q5VFH6) was purchased from Geneart
(Regensburg, Germany). The sequenced fragments of
Can f 1 and Fel d 4 were subcloned into the vector
pET20b (Novagen, EMD Chemicals Inc., Darmstadt,
Germany) using the Ndel and Xhol restriction sites, and
expressed in Escherichia coli BL21(DE3)pLysS (Novagen
The Hise-tagged proteins were purified as described.””
Natural (n) Can f 2 was prepared by aqueous extrachon
from dog dander (Allergon, Angelholm, Sweden) The
crude extract 50 ml was concentrated to 3 ml using a YM-3
membrane (Amicon, Inc, Beverly, MA, USA) and nCan f 2
was isolated by size-exclusion chromatography using a
16/60 Superdex 200 pg column (GE Healthcare, Uppsala,
Sweden) equilibrated with PBS pH 7.4 on an AKTA
Purifier. The fractions containing nCan f 2 were detected
using the previously obtained polyclonal mouse anti-rCan
f 2 IgG-antibodies. Natural (n) Equ ¢ 1 was prepared
through aqueous extraction of dander and hair from 10
horses.”” The aqueous extract (500 ml) was concentrated to
10 ml and 2 ml was diluted 10-fold in 20 mM Tris-HCI pH
7.4 and nEqu c 1 was purified on a 10 ml Q-Sepharose HP
column (GE Healthcare). Proteins were separated with a
linear gradient of 15 column volumes of elution buffer
(20 mM Tris-HCI, 1 M NaCl, pH 7.4). The fractions were
analyzed by SDS-PAGE under reducing and non-reducing
condltlons and a pure 22 kDa band corresponding to
nEqu ¢ 1,°Y was isolated and subjected to size-exclusion
chromatography. Protein identity was confirmed by elec-
trospray mass spectrometry following tryptic digestion. 60
Natural Can f 3 (albumin) was prepared from dog serum
(a kind gift from Statens Veterindrmedicinska Anstalt,
Uppsala, Sweden) using size-exclusion chromatography
(16/60 Superdex 200 pg, GE Healthcare) equilibrated with
PBS, pH 7.4. The fractions corresponding to the 66 kDa
albumin were collected, pooled and concentrated. nRBP
was purchased from Sigma-Aldrich, Steinheim, Germany
and rNGAL was purchased from ProtEra, Firenze, Italy.

Circular dichroism (CD) spectroscopy

Protein concentrations were determined by measuring
absorbance at 280 nm (NanoDrop ND-1000 spectrophotom-
eter; SaveenWerner, Limhamn, Sweden) using calculated

Il (http:/ /molbio.info.nih.gov/dnaworks)
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extinction coefficients.”’ CD experiments for all allergens
were done at 20 °C in 20 mM KH,PO,/K,HPO, (pH 7.5)
using 0.12 mg/ml of purified protein. The spectra were
recorded in a 1 mm pathlength cell with an JASCO spec-
trometer equipped with a thermoelectric temperature
controller. The shapes of the CD spectra for the soluble
proteins used in this study indicated that they were all well
folded (Supplementary Data Figure 1).

Quantification of specific IgE antibodies towards dog
and cat allergens

Quantitative ELISA measurements were done as
follows. Duplicates of seven calibrators prepared from
an IgE myeloma with 640 kU/1 of IgE (threefold
dilutions, range 0.035-25.5 kU, /1), two control samples
and patient samples were added to a 96-well plate and
incubated for 2 h. The wells containing IgE-calibrators
and control samples were coated with 100 pl of 2,5 pg/
ml monoclonal anti-human IgE (a kind gift from Phadia,
Uppsala, Sweden) and wells containing patient sera
were coated with 100 pl of 5 pg/ml of the respective
allergen (Can f 1, Can f 2 or Can f 3) in 0.1 M carbonate
buffer, pH 9.6. Secondary antibody, rabbit anti-human
IgE (MIAB, Uppsala, Sweden) and conjugates alkaline
phosphatase (AP)-labeled goat anti-rabbit antibodies
(Dako, Glostrup, Denmark) were incubated for 2 h
and 1 h, respectively. AP tablets (Sigma-Aldrich) were
used for color development followed by measurement at
405 nm.

Comparison of IgE cross-reactivity between rCan f 2
and other mammalian lipocalins by ELISA inhibition

A serum pool from three dog-sensitized patients with
IgE-reactivity to rCan f 2 was used to examine the aller-
genic similarities between the recombinant and natural
forms of Can f 2 by ELISA inhibition. The serum pool was
diluted to a final concentration of 1 kU, /1 IgE to dog
extract (ImmunoCAP, Phadia) and 10 threefold dilutions
of the respective antigen (range 107'-10° pg/ml) were
added 1:2 (v/v) and incubated for 2 h at room tem-
perature. IgE binding was analyzed by ELISA using rCan f
2-coated plates. Sera from 10 sensitized individuals with a
confirmed reactivity to rCan f 2 were diluted to 1 kU/1. To
each serum, 110 pl of 250 pg/ml (1:2 v/v) of the respective
lipocalin, (rCan f 1, rCan f 2, rFel d 4, nEqu c 1 and the
human homologues RBP and NGAL) were added and IgE
was measured as described above. Can f 3 was used as a
control allergen and did not show any inhibition (data not
shown).

Basophil activation test

Allergen-specific basophil degranulation was analyzed
by monitoring the basophil activation markers CD203c
and CD63 as described.®? Briefly, 10-fold serial dilutions of
either rCan f 2 or rFel d 4 (10 pg/ml to 1077 pg/ml),
medium (negative control) and rabbit anti-human IgE
(positive control) were added to venous blood samples
from three asthmatic children determined to be sensitized
to dog and cat. The samples were further incubated with
anti-CD63 and anti-CD203¢c monoclonal antibodies
(Immunotech, Marseille, France) and analyzed by flow
cytometry using a FACS Calibur flow cytometer (BD
Biosciences, San Jose, CA, USA). Basophils were identified
by gating for CD203c" cells and the magnitude of allergen-

activation was calculated as the percentage of CD63™ cells
among the gated basophils.

Production and crystallization of rCan f 2

Protein production and purification were performed as
described.*° Briefly, recombinant Can f 2 (rCan f 2) was
produced in E. coli BL21(DE3)pLysS with a His-tag
localized at the C-terminus. It was isolated using a combi-
nation of immobilized metal-affinity, gel-filtration and ion-
exchange chromatography. A minimum of 70 mg of highly
purified monomeric rCan f 2 was obtained from 2 I of
bacterial culture. Crystals of rCan f 2 (4.6 mg/ml) were
obtained by the hanging-drop, vapor-diffusion method as
described.*®

Data collection, structure determination and
refinement

The crystals were cryoprotected in 20% (v/v) glycerol
and flash-frozen in a cold nitrogen stream. The crystals
belonged to space group C222; with unit cell dimensions
1682 A, 0769 Aand ¢ 65.0 A. The asymmetric unit cell
contained one rCan f 2 molecule with a molecular mass of
18.9 kDa, giving a solvent content of 51.6% (v/v). The
crystals diffracted to 1.45 A resolution. A total of 360
images were processed using beam line ID14-2 at the syn-
chrotron radiation facility at ESRF (Grenoble, France) with
0.5° oscillation/image. The space group and unit cell para-
meters were determined using the auto-indexing option of
MOSFLM. Scaling and reduction of data was done with
SCALA from the CCP4 suite of programs (Table 1).* The
3D structure of rCan f2 was determined by molecular
replacement using the program PHASER.%® The atomic
coordinates of the metatherian Trichosurus vulpeculus milk
whey protein (PDB ID 2R73), which shares 34% identity
with rCan f2 were used as the search model. For validation,
5% of reflections were chosen at random and set aside. The
solution obtained was fed into ARP-wARP®®, resulting in
initial Reryse of 18.1% and Ryree of 20.5%. After each round of
refinement, errors in the model were identified through
careful examination of the 2F, — F. and F, — F. electron
density maps with the program Coot.” Missing residues
were added in successive cycles of manual building
followed by restrained refinement cycles in REFMACS5.%
Anisotropic refinement within the last stage of refinement
resulted in a decrease of Reyst and Ryee values of almost
1%. Riding hydrogens were generated in the last round of
REFMAC refinement. Water molecules were added to well
defined peaks (2.0 o and greater in F,~F. maps) found
between 2 A and 4 A from O or N atoms. The final refine-
ment parameters are given in Table 1. A total of 93.5% and
6.5% of residues lies within the preferred and allowed
regions of a Ramachandran plot as defined by the program
Coot. The figures were created using the programs
PyMOLY and TopDraw.” Secondary structural elements
were assigned using the program DSSP.”’ The program
CASTp”! was used to calculate voids. Multiple sequence
alignment was performed using ESPrip’c.72

Molecular modelling of Fel d 4

The molecular model of Fel d 4 was created on the basis
of its sequence homology to Equ c 1 (69% sequence
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identity) using the SWISS-MODEL protein modelling

server®.”3

Data Bank accession numbers

The co-ordinates of the molecular model of Fel d 4 have
been registered within the PMDB protein Database Model
with accession code PM0076251. The atomic coordinates
and structure factors have been deposited in the Protein
Data Bank, Research Collaboratory for Structural Bioin-
formatics, Rutgers University, New Brunswick, NJ, USA
with accesssion code 3L4R.
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Supplementary Table I

Specific IgE reactivities to the dog allergens Can f 1, Can f 2, Can f 3 and to the cat allergen
Fel d 4 were measured among 89 dog-sensitized subjects. Serum samples from individuals
determined to have an IgE reactivity above 5 kU/L to a commercially available dog extract,
were collected from the diagnostics department at Karolinska University Hospital. Specific
reactivities were quantified by ELISA, using a standard curve derived from an IgE myeloma.

Patient

number EE5 Canfl |Canf2 |Canf3 | Feld4
1 34 35.45 0.3 0 1.2
2 8.1 0 0 0 0
3 33 6.5 0 0 0
4 88 3.5 10.4 11.4 1.8
5 5.6 0 0 0 0
6 12 7.4 0 3.1 26.5
7 39 0.9 0.5 0 0
8 19 1.3 0.3 0 3.9
9 19 2.1 0 0 0
10 29 0 0 0 0
11 10 3.2 0.1 0 0.7
12 37 7.4 0 0 8.2
13 16 0 0 0 0
14 5.2 0 0 0.6 1.5
15 5.7 0.5 0.3 0 0.9
16 18 115 0.2 0 3.9
17 33 9.2 0 0 0
18 9.2 6.6 1.3 1 0.4
19 35 2.7 1.4 0 7.6
20 46 7.7 6.4 1.6 0
21 41 7.2 0.4 0 2.4
22 9.9 0 0.2 0 2.8
23 5.6 1.4 0 0 1
24 6.3 0 0 0 0
25 30 5 0.2 0 1.6
26 6.5 0.8 1 0 0
27 12 0 0 0 0.4
28 12 1 0.8 0 15
29 12 7.1 0 0 NT
30 19 8.9 0 0 3.5
31 5.6 0.8 0 0.5 NT
32 >100 40.5 31.7 0 NT
33 15 2.8 1.84 0 0
34 5.5 0.4 0 0 0.2
35 11 0 0 0 0
36 11 25 0 0 4.2
37 9.3 0.4 0.3 0.4 0
38 5.1 0 0.3 0 NT
39 22 0 3.3 0 1.1
40 10 1.5 0 0 1.5
41 5.4 0 0 0 0




42 8.4 0.3 0 0 0
43 7 0 0 0 0
44 8 0 0 0 0
45 >100 46.3 71.5 55.6 16.5
46 12 2.5 0 0 1
47 13 0.3 0.2 0 0
48 8.6 0.2 0 0 0.2
49 18 4.8 0.2 0 1
50 17 0 0.7 0 9.3
51 56 36.6 0 0 0
52 9.5 0 0.2 0 0
53 5.8 0 0 0 0
54 11 7.8 0 2.2 12
55 6.5 0 0 0.4 0
56 8.1 0 0 0 6.3
57 40 11.9 7 0 NT
58 17 5 0 0 2.5
59 6.6 0 0 0 0
60 46 14.5 0.1 22.7 34.3
61 8.7 2.4 0.6 0.7 1.8
62 13 0.3 2.8 0.3 NT
63 87 50.9 8 55 6
64 30 5.9 3.2 0 0.1
65 6.1 0.6 0.3 0 1.1
66 15 0 0 0 0
67 6.4 0 0 0 3.5
68 9.3 1 0 4.3 1.2
69 5 2.6 0 0 0
70 9.1 3.8 0 1.7 1
71 7.1 0.1 0 0 0.1
72 12 0.5 0 0 0
73 24 8.9 0.1 0 0
74 31 0 0 0 0
75 5.3 0 0 0 0
76 29 4.2 0.5 0 2.7
77 6.8 1.8 0 0 0
78 8.6 3 0 0 0
79 5.9 0.8 0 0.3 1.6
80 10 0 0 04 0
81 6.3 0 0 0 0
82 7.7 0 0 14 1
83 54 3.2 0 0 0
84 24 10.5 0 1.1 15.5
85 65 2.3 1.6 11.8 0
86 41 14 15 4.9 0.1
87 6.7 0 0 0 0.2
88 8.7 0 0 0 0
89 12 0.3 0 0 0
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Supplementary Figure 1. Circular dichroism analysis of the allergens used in this study.
The circular dichroism for UV spectra of the allergens Canf 1, Canf2, Feld 4 and Equ c 1
demonstrate that they are well folded.
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