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Background: The role of formyl peptide receptors (Fprs) in the vomeronasal system remains unclear.

Results: Agonist properties of vomeronasal Fprs differ extensively from those expressed in immune cells.
Conclusion: We observe neofunctionalization of vomeronasal Fprs and functional conservation of immune Fprs.
Significance: These findings provide new insight into the sensory function and evolution of Fprs.

The formyl peptide receptor (Fpr) family is well known for its
contribution to immune defense against pathogens in human
and rodent leukocytes. Recently, several structurally related
members of these receptors were discovered in sensory neurons
of the mouse vomeronasal organ (VNO), key detectors of pher-
omones and related semiochemicals. Although the biological
role of vomeronasal Fprs is not yet clear, the known contribu-
tion of other Fprs to host immune defense suggested that they
could contribute to vomeronasal pathogen sensing. Precise
knowledge about the agonist properties of mouse Fprs is
required to determine their function. We expressed all seven
mouse and three human Fprs using an in vitro system and tested
their activation with 32 selected compounds by conducting high
throughput calcium measurements. We found an intriguing
functional conservation between human and mouse immune
Fprs that is most likely a consequence of closely similar biolog-
ical constraints. By contrast, our data suggest a neofunctional-
ization of the vomeronasal Fprs. We show that the vomeronasal
receptor mFpr-rs1 can be activated robustly by W-peptide and
structural derivatives but not by other typical ligands of immune
Fprs. mFpr-rs1 exhibits a stereo-selective preference for pep-
tides containing p-amino acids. The same peptide motifs are
contained in pathogenic microorganisms. Thus, the ligand pro-
file of mFpr-rs1 is consistent with a role in vomeronasal patho-
gen sensing.

The ability to detect molecular cues by nasal chemosensory
cells is an essential feature in social recognition, whereby ani-
mals identify and recognize other individuals. In rodents, this
process involves the capability to distinguish between infected
and uninfected individuals (1), but the nature of the chemical
cues and the underlying neuronal receptive mechanisms medi-
ating sensory assessment of health status remain largely
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unclear. A detailed understanding of these questions at a
molecular level is not only essential for gaining insight into
mechanisms of chemical communication in animals, but
should also contribute to understanding disease-related odors
and diagnostic olfactory biomarkers in humans (2).

The rodent vomeronasal organ (VNO)* comprises an olfac-
tory subsystem that plays an essential role in chemical commu-
nication (3— 8) and, more recently, has also emerged as an inter-
face between immune and nervous system function (9-11).
Mouse vomeronasal sensory neurons (VSNs) express two large
families of seven-transmembrane, G protein-coupled recep-
tors, VIRs and V2Rs: V1R-positive VSN reside within the api-
cal layer of the VNO epithelium, coexpress the G protein Ga,,
and detect urine-derived small organic molecules related to
physiological and endocrine status (5-8, 12). V2R-positive
VSNs reside within the basal layer, coexpress Ge,, and detect
members of several extended peptide or protein families (7, 8,
12). These include peptide antigens that bind major histocom-
patibility complex (MHC) class I molecules (13), major urinary
proteins (14), and exocrine gland-secreting peptides (15). Sub-
sets of V2R-positive VSNs not only detect peptide ligands
important for immune function, but they also express several
immune-related molecules such as 8,-microglobulin and non-
classical MHC class 1b proteins (H2-Mvs or M10s) (16, 17).

Besides V1Rs and V2Rs, a third family of G protein-coupled
receptors consisting of members of the formyl peptide receptor
(Fpr) family has recently been discovered in some VSN, pro-
viding yet another link between immune and vomeronasal sys-
tem function (18, 19). Mouse VSNs express five distinct Fprs:
one of these (mFpr-rsl) is coexpressed with Ge, whereas the
remaining four genes (mFEpr-rs3, mFpr-rs4, mFpr-rs6, and
mFpr-rs7) are coexpressed with G, (18, 19). These results are
intriguing because Fprs are known to play important roles in
host defense against pathogens by recognizing a broad spec-
trum of chemical attractants that are either secreted by invad-
ing pathogens or released during inflammatory processes (20,
21). For instance, prototypical ligands of human Fprs are N-ter-
minally formylated peptides found in bacteria such as N-form-

“The abbreviations used are: VNO, vomeronasal organ; DMSO, dimethyl sulf-
oxide; FLIPR, fluorescence imaging plate reader; fMLF, N-formylmethio-
nine-leucine-phenylalanine; Fpr, formyl peptide receptor; VSN, vomerona-
sal sensory neuron.
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ylmethionine-leucine-phenylalanine (fMLF) (22, 23). Human
FPRs (hFPRs) also interact with a variety of other peptides such
as the antimicrobial CRAMP (24), the neuroprotective-acting
humanin (25) or HIV envelope proteins (26), and even with
some nonpeptide ligands, such as the inflammatory modulator
lipoxin A4 (27). Therefore, it has been suggested that vomero-
nasal Fprs have an olfactory function that is associated with the
identification of pathogens, or the social recognition of patho-
genic states (18, 19).

Consistent with the expression of Fprs in VSN, several typ-
ical ligands for immune Fprs have been shown to activate sub-
sets of native VSNs. These include fMLF, CRAMP, and lipoxin
A4 in one study (19) and fMLF and the mitochondrially
encoded peptides NDI-6T and NDI-6I in another (28). How-
ever, there is currently no direct link between the activation of
specific VSNs by formylated peptides and the expression of a
given Fpr in these sensory neurons, and in vitro expression
studies designed to identify vomeronasal Fpr agonists revealed
divergent results. Whereas one study reported that fMLF acti-
vates the vomeronasal receptors mFpr-rs3, mFpr-rs4, mFpr-
rs6, and mFpr-rs7 (19), others (18, 29, 30) did not observe any
activation of these receptors despite using similar methods and
fMLF concentrations. Therefore, further experimentation is
required.

Here, we used an in vitro expression assay in combination
with high throughput measurements of intracellular Ca** to
compare the agonist properties of two immune and five vome-
ronasal Fprs from mouse with those of three human immune
Fprs (Fig. 1A). By testing all 10 receptors with a selection of 32
potential ligands, we obtained several novel conclusions
with respect to Fpr function. We identified W-peptide as an
effective ligand for the vomeronasal receptor mFpr-rs1 and
provided evidence that this receptor has a stereo-selective
preference toward p-amino acid-containing peptides that
exist in a variety of pathogenic bacteria, viruses, and fungi.
These results open new perspectives for the function of the
mammalian VNO in the social recognition of infected
individuals.

EXPERIMENTAL PROCEDURES

Cloning of Fpr Genes—Human genes were cloned from
genomic DNA. Mouse receptors were PCR-amplified from
vomeronasal cDNA and genomic DNA of C57BL/6] mice using
Phusion HF Master Mix (Thermo Scientific) according to man-
ufacturer’s protocols.

Primer sequences and annealing temperature were: ATG
GAGACAAATTCCTCT CTCCCand CTT TGCCTG TAA
CTC CAC CTC TGC, 65 °C for hFPR1; ATG GAA ACC AAC
TTC TCC ACT CCT C and CAT TGC CTG TAA CTC AGT
CTCTGCA, 65 °Cfor hFPR2; ATG GAAACCAACTTCTCC
ATT CCT and CAT TGC TTG TAA CTC CGT CTC CTC,
65 °C for hFPR3; ATG GACACCAACATGTCTCTCCTCA
and TTT CCT CAA TTG GAT ATC GCG GCC GCA AGA
GC, 59 °C for mFprl; ATG GAA TCC AAC TAC TCC ATC
CAT CT and TGG GGC CTT TAA CTC AAT GTC TG, 64 °C
for mFpr2; ATG GAATCCAACTACTCCATC CAT CT and
TATTGCCTTTATTTCAAT GTCTTCAGGAAGT, 64 °C
for mFpr-rs1; ATG GAA GCCAACTCC TCCATCand TAG
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TTC AGA GTC GGC AGG ACA TGA, 64 °C for mFpr-rs3;
ATG GAA GTC AAC ATT TCA ATG CCT CT, GTC TTC
CCT CAG GGC CCT CTC and 64 °C for mFpr-rs4; ATG GAA
GCCAACTTCTCC ATA CCT Cand GAG TCT TTG TGA
AGA CAA GTT TCT G, 64 °C for mFpr-rs6; ATG GAA GCC
AACTTC TCC ATA CCT Cand GAG TCT TAA GTT TGT
GAA GACAAG TTT CTG ATT T for mFpr-rs7. All forward
primers contained an additional 5" sequence AAA GAA TTC
AAG CTT CCT GCA GGC GCC ACC in front of the start
codon that includes restriction sites and a Kozak sequence. All
reverse primers were fused with an additional 3" sequence TTT
CCT CAA TTG GAT ATC GCG GCC GCA AGA GCT CA
carrying the stop codon and restriction sites.

For functional studies, all receptors were cloned into
pcDNA3.1 (Invitrogen). For immunocytochemical analyses, all
Fpr genes were inserted into a modified pcDNA5/FRT/TO
(Invitrogen) vector and expressed as fusion proteins with 39
amino acids of bovine rhodopsin added to the N terminus of the
receptors. Full coding regions of all receptors were sequenced.
The mFpr-rsl isoform isolated from vomeronasal cDNA cor-
responds to NM_008042.2. mFpr-rs3 and mFpr-rs6 are identi-
cal to NM_008040.2 and NM_177316.2, respectively. mFpr-rs4
corresponds to NM_008041.2 but has A69T and G577A
exchange. mFpr-rs7 corresponds to AF437513 with T441G and
T500C exchange. These deviations were also observed in
genomic DNA of C57BL/6] mice. Human hFPR2 and hFPR3
correspond to NM_001462.3 and NM_002030.3, respectively;
hFPR1 corresponds to NM_001193306.1 with a V111L, R163H,
and N192K exchange.

Cell Culture and Transient Transfection—Cells were main-
tained until 80 -90% confluence in DMEM with 4.5 g/liter glu-
cose (Invitrogen) containing 5% heat-inactivated bovine calf
serum (Biochrom), 10,000 units/ml penicillin G (Sigma), 10
mg/ml streptomycin and 2 mM L-glutamine (Sigma). For exper-
imental analyses cells were seeded at 20-30% confluence on
poly-D-lysine-coated (10 pg/ml in PBS) optic 96-well w-clear
plates (Greiner). 24 h later cells were transfected using jetPEI
(PeqLab). For calcium imaging experiments receptors were
cotransfected in equal amounts with the G protein subunit
Ga,g. The best results were obtained in HEK293T PEAKrapid
cells (ATCC).

Immunocytochemistry—Cells were fixed for 4 min in 4%
methanol-free paraformaldehyde (Polyscience, Inc.) and per-
meabilized with 0.3% Triton X-100 for 4 min (for cell surface
expression this step was omitted). After blocking with 5% FCS
in PBS for 30 min cells were incubated overnight with an anti-
rhodopsin monoclonal mouse IgG (1/500) of either anti-B6-30
(Dr. W. Clay Smith, University of Florida, Gainesville) or anti-
4D2 (Dr. R. Molday, Centre for Macular Research, Univer-
sity of British Columbia, Canada). Staining was obtained by a
45-min incubation with a polyclonal goat anti-mouse Alexa
Fluor 488 antibody (Invitrogen) at a 1/500 dilution. The total
cell number was obtained by a counterstaining of the cell
nuclei with Hoechst 33342 (Hoechst) 1/10,000. All solutions
were diluted in PBS + 5% FCS. Receptor expression was
analyzed 48 h after transfection. Pictures were taken using
the imaging system BD Pathway Bioimager 855 (BD Biosci-
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ences) and quantified with BD-image Explorer software (BD  fluorescence imaging plate reader (FLIPR) system (Molecular

Biosciences).

Devices) essentially as described previously (31). On average, a

Calcium Imaging and Data Analysis—High throughput single well contained ~50,000 cells in these experiments.
measurements of population responses were performed usinga  Briefly, 48 h after transfection cells were incubated with 2 um
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Fluo-4 AM (Molecular Probes) and 50 um probenicid (Sigma)
for 2 h at room temperature in a C1 bath solution (130 mm
NaCl, 10 mm HEPES, 5 mm KCl, 2 mm CaCl,, 5 mm glucose, pH
7.2). Before each experiment cells were rinsed three times
with C1. Response amplitudes (AF/F,) were calculated by
dividing the maximal change in fluorescence after ligand
application by base-line fluorescence. Dose-response curves
were calculated with GraphPad Prism 3.0 using the equation
for sigmoidal dose response with variable slope. Statistical
significance was analyzed in Excel using unpaired, two-tailed
t tests. All experiments with mouse Fprs were performed
in duplicate wells using at least three independent
transfections.

For automated high throughput Ca®>* imaging with single-
cell resolution, we used the BD Pathway Bioimager 855 system.
Cells were loaded with Fura-2/AM using the Ratiomax Calcium
Assay kit (BD Biosciences). Transfected cells were labeled by
cotransfecting a plasmid encoding enhanced GFP in a dilution
of 1/10 in addition to a given receptor and G, . Calcium-de-
pendent fluorescence signals of enhanced GFP-positive cells
were recorded at 0.5 Hz. 30 um ATP served as a positive control
to monitor excitability of the cells. Cells that responded to
buffer C1 were excluded from analysis. Images were taken with
the Bioimager 855 system and quantified using Attovision soft-
ware (BD Biosciences).

Ligands—The purity of all ligands was >95%. CRAMP33,
CRAMP39, and rCRAMP33 were obtained from Innovagen.
Temporin A amide, T20, ADP715 HIV-I, V3gp120 HIV (JR-
FL), V3gp120 HIV (BK-130), uPAR 84-95, and B-amyloid,¢_,,
were purchased from Annaspec/MoBiTec. fMLF and DMSO
were obtained from Sigma. Lipoxin A4 and 15-(R)-epi-
lipoxin were obtained from Cayman Chemical. Ac2-26 and
W-peptide were purchased from Tocris and Innovagen, respec-
tively. COI-31, NDI-61, and all W-peptide derivatives were syn-
thesized by GenScript Corporation. Initially, we dissolved all
hydrophobic ligands in DMSO until we found that DMSO, at
high concentrations, activates immune Fprs. Subsequently, all
ligands were routinely dissolved in bath solution C1, except for
lipoxin A4 and 15-(R)-epi-lipoxin, which were dissolved in eth-
anol. Under these conditions, most ligands tested in this study
showed clear activation of immune Fprs. This result demon-
strates the effectiveness of these ligands even when dissolved in
aqueous solution. However, we cannot fully rule out moderate
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differences in the extent of solubility in C1 buffer versus a mix-
ture of C1 and DMSO. The peptides ADP715 HIV-I and uPAR
84-95 did not activate any Fprs whereas V3gp120 HIV (JR-FL)
only weakly activated hFPR3. To exclude that this could be due
to solubility problems, we tested these compounds on all Fprs
after dissolving them in DMSO but obtained virtually the same
results (data not shown).

RESULTS

Heterologous Expression of Fprs from Immune and Vomero-
nasal Systems—To investigate the functional properties of
Fprs, we established a heterologous expression system that
enabled us to measure agonist-induced, receptor-dependent
Ca®" elevations in individual cells or cell populations. Ade-
quate expression and correct cell surface localization of recep-
tors is critical for their functional characterization in heterolo-
gous test systems. Although immune and vomeronasal Fprs are
structurally related (Fig. 1A), their differences could influence
expression in HEK293T cells. We first examined expression
levels of all known human and mouse Fprs using immunocyto-
chemistry. Thus far, most members of the murine Fpr family
lack well characterized antibodies. To overcome this limitation,
we fused the N terminus of the receptors with an epitope con-
taining the first 39 amino acids of bovine rhodopsin and exam-
ined the cytosolic expression levels of these fusion proteins with
an antibody directed against this Rho-epitope (32). We
observed a high rate of receptor expression, ranging from 47 to
87% of the cells with a mean value of 60% * 10% (Fig. 1B).
Because the tag was localized at the extracellular side of the
plasma membrane, we could monitor for all receptors whether
they reach the cell surface. The percentage of cells with a
detectable cell surface expression rate ranged from 21 to 46%,
with a mean of 37 * 6% (Fig. 1C). Hence, expression and local-
ization of these receptors in HEK293T cells are highly appro-
priate for functional studies.

Next, we used single-cell resolution Ca®>" imaging to test
whether receptor activation can be detected (Fig. 1, D and E). In
this first experiment, we stimulated all family members with
the prototypical ligand fMLF (9 um). Consistent with previ-
ous observations (30, 33, 34), we found that cells expressing
mFprl or mFpr2 and their human counterparts hFPR1 and
hFPR2 could be activated by fMLF, whereas all other family
members did not respond. In line with our expectations, the

FIGURE 1. Immune and vomeronasal Fprs can be functionally expressed in HEK293T cells. A, phylogenetic relationship (left) and sequence similarity in
percentage (right) between mouse vomeronasal Fprs (red) and human (gray) and mouse (blue) immune Fprs. The human FPR family comprises three intact
genes (hFPR1, hFPR2,and hFPR3) that are all expressed inimmune cells. In rodents, the Fpr gene family underwent species-specific expansion containing seven
intact Fprs in mice (44), which can be separated in two distinct sequence-related groups (18): one contains immune system Fprs expressed in leukocytes; the
othervomeronasal Fprs that are predominantly or exclusively expressed in VSNs. The phylogenetic tree and similarity table were generated with Vector NTI 9.0.
B, upper, representative immunostaining of permeabilized cells using an antibody directed against Rho tag to visualize total receptor expression. Cells were
either transfected with mFpr1 or empty vector. Scale bar, 40 um. Lower, quantification of cytosolic receptor expression. Numbers in parentheses above each bar
denote the number of analyzed cells. Error bars, S.D. C, upper, Rho tag immunostaining of nonpermeabilized cells to visualize exclusively receptor expression
at the cell surface (mFpr1 or empty vector expression). Scale bar, 40 um. Lower, quantification of receptor cell surface expression. D, calcium transients upon
agonist stimulation. Each trace represents a separate cell. Upper, traces of 364 cells transfected with hFPR1 of which 258 cells (red) responded to 9 um fMLF.
Lower, 337 mock-transfected cells served as negative control. Application of C1 buffer was used as a control to exclude any mechanical activation; 30 um ATP
that activates endogenous receptors was used as control for cell viability. £, quantification of the single-cell Ca>* responses to 9 um fMLF. Scale: A; /35, Fatio,
1; time, 0.5 min. F, effects of a range of G proteins on Fpr-mediated mean Ca®" responses. Cell populations were cotransfected with a chimeric G protein and
a given receptorin a 1:1 ratio. Ca®* peak amplitudes after stimulation with 33.3 um fMLF were plotted. Mock, cotransfection of the G protein together with an
empty expression vector that was used to subclone the Fprs.*, p = 0.05. G proteins used were G, 5, G, 4, and corresponding G protein chimeras in which the last
44-47 amino acids were replaced by that of G5, G,, Gg1 o Goifs OF Ggysrducin G, tO rule out any effects of the Rho tag on receptor function, we compared mean
Ca?* peak responses with 9 um fMLF (chart bars are mean values of nine wells from three independent FLIPR experiments) in cell populations that were
transfected either with Rho-tagged receptors or unmodified receptors.
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number of responding cells correlated well with the percent-
age of cells that express the receptors at the cell surface (Fig.
1, Cand E).

To ensure efficient coupling of Fprs to downstream Ca®"
signaling pathways, we cotransfected the cells with the G,-type
G protein subunit Gy, . This subunit is highly promiscuous
and known to couple a wide variety of G protein-coupled recep-
tors to InsP,/Ca*>" pathways that normally interact with Ge, or
Ga,-type G proteins (35). Under these conditions, we observed
robust responses of human and mouse immune Fprs to the
classical agonist fMLF; however, none of the vomeronasal Fprs
responded (Fig. 1E). We examined whether the lack of response
of vomeronasal Fprs could reflect a failure to interact with
Gay,. For instance, it is well known that the interaction
between Ga, , and receptors that couple via G,, G, or G, can be
improved by C-terminal modifications of Ga, 4 (36). We, there-
fore, tested several G protein chimeras in which the last 44— 47
C-terminal amino acids of Ga, , were replaced by those of other
G protein a-subunits including chimeras of G;, and G, 5, both
of which are expressed in mouse VSN (Fig. 1F). We observed
that immune Fprs are quite promiscuous and can interact with
a variety of G protein chimeras containing C termini from G,
G, G;, and even G,. However, compared with Ga;, ¢, there was
neither activation of vomeronasal Fprs nor strong enhance-
ment of immune Fpr responses. Therefore, we employed the
naturally occurring G4 in all subsequent experiments.

To rule out that N-terminal modification affected subcellular
distribution and receptor function, we assessed whether fusion
of the receptors with the Rho-epitope altered their function.
We compared mean Ca®" responses of cell populations
expressing either native or Rho-epitope-tagged receptors upon
stimulation with fMLF but found no obvious functional differ-
ences (Fig. 1G). Nonetheless, we decided to use only unmodi-
fied receptors in subsequent functional studies to exclude any
possible experimental bias.

Finally, to investigate whether our assay is equally suited to
monitor receptor activation to other ligands, we tested the well
characterized human receptors with a selection of other known
agonists. We observed robust Ca>" elevations to classical Fpr
agonists including W-peptide, T20, Temporin A amide, Ac2-
26, COI, NDI, and V3gp120 (Fig. 2). Together, these findings
demonstrate the validity of our assay for the functional charac-
terization of members of the Fpr family.

Ligand Selection—We next tested cells transfected with a
given Fpr using a panel of 32 selected compounds that cover
several known ligand classes of the human Fpr family (Figs. 3
and 4). Our ligand selection included 16 naturally occurring
substances comprising two immunomodulatory eicosanoids
and 14 formylated and nonformylated bacterial, viral, antimi-
crobial, or endogenous immunomodulatory peptides. Initial
experiments revealed that three of four tested antimicrobial
peptides (CRAMP33, CRAMP39, rCRAMP33) elicited large,
unspecific Ca®>" signals that were receptor-independent
because these signals also occurred in mock-transfected cells
(Fig. 3, B and C). Therefore, these compounds were excluded
from further investigations. We also tested 13 novel synthetic
peptides that proved to be important for the analysis of mFpr-
rs1 (see below and Fig. 4).
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FIGURE 2. Analysis of Ca®>* responses of three human FPRs to selected
ligands. Bars display peak amplitudes of Ca* elevations to ligand stimula-
tion as mean increase over base-line fluorescence. White bars denote
responses to prototypical hFPR agonists, and gray bars indicate responses to
novel W-peptide derivatives. Error bars, S.D.

Unexpectedly, we observed in initial experiments that the
organic solvent DMSO activates cells expressing mFprl or
mFpr2 at certain concentrations but not cells that expressed
other members of the mouse Fpr receptor family (Figs. 34 and
5B). The observed threshold of activation for both receptors
was ~0.1%, and saturation was reached at ~3%. DMSO activa-
tion of both receptors showed clear dose-dependence, with an
EC,,0f 97 mm for mFprl and an EC,, of 111 mm for mFpr2 (Fig.
5B). Unspecific DMSO-dependent signals in the mock-trans-
fected negative controls could only be seen at concentrations
>2% and showed different kinetics (Fig. 58). DMSO-evoked
signals depended on the presence of Ga,4 (Fig. 5C) and the
mFpr receptor (Fig. 5D). Notably, the human receptor hFPR2
was also susceptible to 1% DMSO (Fig. 2). Thus, our results
show that the use of DMSO as an organic solvent is critical, and
concentrations >0.1% should be avoided in functional studies
of mouse or human Fprs. To exclude any possible experimental
bias, we decided to dissolve all agonists directly in the assay
buffer C1.
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FIGURE 3. Mouse and human immune Fprs exhibit similar agonist profiles whereas vomeronasal Fprs are functionally distinct. A, mean Ca** peak
responses of all mouse Fpr receptors to selected ligands. Each bar is based on triplicate measurements from at least three independent transfections. **, p <
0.01.B, representative Ca>* waveforms from FLIPR experiments to CRAMP application. CRAMP elicits robust but unspecific Ca®* signals. Typical Ca®* traces of
a FLIPR experiment upon stimulation with two different CRAMP concentrations are shown. The observed signals do not depend on Fpr expression because
they can also be observed in mock-transfected cells and in cells transfected with the bitter taste receptor hTAS2R38, both of which serve as negative controls.
Similar concentrations of the well established Fpr agonist fMLF only activated cells transfected with mFpr1 and mFpr2. C, mean Ca®" peak responses of all
mouse Fprreceptors to 10 um CRAMP39. Bars denote mean responses of triplicates over three independent transfections. Error bars, S.D. **, p = 0.01 compared

with mock control.

Agonist Profiles of Mouse and Human Immune Fprs Match
Closely—By testing our ligand collection on all mouse and
human Fprs, we observed a surprisingly high degree of overlap
in agonist profiles between the human receptors hFPR1 and
hFPR2 and their murine counterparts mFprl and mFpr2 (Fig.
4). These receptors showed very similar response profiles to 25
of 29 compounds. Three of the remaining compounds could at
least activate a single receptor in both species. Importantly,
B-amyloid,;_,, was the only molecule that exhibited a clear
species-specific activation pattern because it robustly activated
mouse Fprl but none of the human receptors (Fig. 4). More-
over, comparison of W-peptide concentration-response curves
demonstrated a remarkable functional conservation between
immune system-derived human FPRs and their murine coun-
terparts. The EC,, values of hFPR1 and hFPR2 were 5 nm and 1
nwm, respectively, closely similar to those of mFprl and mFpr2 (3

AV DN
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nM and 5 nM, respectively) (Fig. 6B). Thus, despite ~100 million
years of divergent evolution, the EC, profiles for this com-
pound are still nearly identical.

Identification of Subtype-selective Agonists for Mouse
Immune Fprs—We also observed a considerable, functional
similarity between mFprl and mFpr2: 21 compounds were
capable of stimulating both mouse receptors (Fig. 4). Despite
this overlap in ligand profile, we identified several subtype-se-
lective agonists (Fig. 54). Temporin A amide was a selective
agonist of mFpr2 at all tested concentrations (EC5, 0.7 um). T20
and B-amyloid,_,, were selective for mFprl, with an EC,, of
0.2 um and 4 uM, respectively. V3gp120 HIV (BK-130) and
NDI-61 were strongly preferential activators of mFpr1. The sen-
sitivity of mFpr1 for NDI-61 was ~100-fold higher than that of
mFpr2: NDI-6] activated mFpr1 with an EC,, of 0.6 nm com-
pared with 57 nm for mFpr2. The activation threshold of
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FIGURE 4. Mouse and human immune Fprs are functionally conserved, whereas the agonist profile of vomeronasal Fprs shows little overlap. Summary
of response profiles of all tested receptors to the highest tested ligand concentration. Each result represents duplicate measurements from at least three
independent transfections. @, robust, receptor-dependent Ca®" signal; (@), weak signal; O, no response; u.s., strong but unspecific response, observed in
mock-transfected cells; n.d., not determined. Peptide sequences are shown in one-letter amino acid code. Underlined letters represent chemical modifications:
Ac, acetylated N terminus; ¢, D-cysteine; m, b-methionine; f, formylated N terminus; NH,, amidated C terminus.

V3gp120 HIV (BK-130) for mFpr1 was ~1 um and its EC,, was
4.5 um. We could only see a weak activation of mFpr2 at con-
centrations of =30 uM. Interestingly V3gp120 HIV (JR-FL),
which has a high degree of sequence similarity to V3gp120 HIV
(BK-130), did not activate any of the mouse receptors. Instead,
it was a selective activator of human hFPR3.

Selective Tuning of Vomeronasal mFpr-rsl versus Immune
Fprs—Compared with the remarkable functional similarity and
the broadly tuned agonist profiles of mouse and human
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immune Fprs, we observed relatively narrow tuning for the
vomeronasal receptor mFpr-rs1. This receptor responded to
W-peptide, a synthetic ligand for mFpr1, mFpr2, and all human
Fprs (37) (Fig. 6, A and B). Despite robust activation of mFpr-
rs1 by W-peptide and several chemically related derivatives
(Fig. 6, C-F), we did not detect activation of this receptor by any
of the other tested Fpr ligands (Fig. 4). The immune receptors
mFprl and mFpr2 were at least ~200-fold more sensitive to
W-peptide than mFpr-rs1 (Fig. 6B). Structural W-peptide
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FIGURE 5. Concentration-response curves of two mouse immune Fprs (mFpr1 and mFpr2) for selected agonists. A, our analysis revealed several subtype-
specificagonists. Temporin A amide is selective for mFpr2 and has an EC5, of 690 nm. T20, B-amyloid, s _,, and V3gp120 HIV (BK-130) are selective for mFpr1 with
an EC,, of 200 nm, 4,100 nm, and 4,500 nm, respectively. NDI-61 prefers mFpr1 with an ECs, of 0.6 nm but can also activate mFpr2 with an EC,, of 57 nm. B, mFpr1
and mFpr2 but not mFpr-rs1 are activated by DMSO at concentrations above 0.1%. First unspecific effects of DMSO are observed above 2%. The DMSO
activation is dose-dependent with an EC;, of 97 mm for mFpr1 and 111 mm for mFpr2. These experiments are based on at least five independent transfections.
C, analysis of Ca®" signals evoked by DMSO (2%). These signals depend on the presence of the G protein a-subunit Ga,. Bars show mean responses of
duplicates for two independent transfections. D, cross-desensitization of DMSO (2%) evoked Ca®" responses by fMLF (30 um). Bars show mean responses of
triplicates for three independent transfections. Error bars, S.D. **, p < 0.01; ***, p =< 0.001.

derivatives that activated mFpr-rs1 were also capable of activat-
ing mFprl and mFpr2. Together, these findings provide clear
evidence that the agonist profile of mFpr-rs1 is distinct from
that of mFprl and mFpr2. This conclusion extends also to the
remaining four vomeronasal Fprs because these did not
respond to any of the tested compounds under the conditions
used here (Fig. 4).

mFpr-rs1 Shows Stereo-selective Tuning for Related Peptides
Containing p-Amino Acids—To identify key structures in
W-peptide that are necessary for the activation of mFpr-rs1, we
designed and tested a small library of 14 derivatives (Fig. 6,
C-F). W-peptide, a hexapeptide, shows a remarkable structural
feature because it contains an amidated b-methionine at its C
terminus. Although enzymatic amidation of peptides is fre-
quently observed, the occurrence of b-amino acids in nature is
relatively rare. Most natural proteins and peptides consist of
L-amino acids. However, certain pathogens provide a potent
natural source for p-amino acids because these amino acids
exist in the cell wall of bacteria or in toxins secreted by fungi.
Therefore, we tested the stereo-selectivity of mFpr-rs1 by using
the L-isomer of W-peptide (Fig. 6C). We observed a ~25-fold
rightward shift in EC,, value of L-W-peptide, indicating that
the receptor shows a clear preference for the p-form. Further-
more, maximum amplitude for L-W-peptide was reduced by
69 * 9%, suggesting that this compound acts as a partial agonist
of mFpr-rs1 (Fig. 6C). Next, we tested whether p-methionine
can be substituted by D-cysteine. Again, we observed clear acti-
vation demonstrating that the receptor also responds to pep-
tides containing this p-amino acid (Fig. 6C). However, such
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peptides are less preferred by the receptor because we observed
a ~40-fold rightward shift in EC values. Substitution of b-cys-
teine by the corresponding L-form caused a 10-fold increase in
activation threshold (Fig. 6C). On the basis of these findings, we
conclude that mFpr-rsl prefers p-amino acid-containing
peptides.

We also determined the influence of N-terminal amino acids
on mFpr-rs1 activation (Fig. 6, D and E). Interestingly, mFpr-
rsl seems to tolerate N-terminal elongations because such
manipulation, by addition of one or two alanine residues, did
not alter its sensitivity (Fig. 6E). Insertion of a valine directly in
front of the p-methionine led to a drastic ~30-fold rightward
shift of the EC,, value (Fig. 6E). Addition of a second p-methi-
onine at its C terminus caused a complete loss of the capability
to activate mFpr-rs1, whereas mFprl and mFpr2 could still be
activated (Figs. 6E and 4). This demonstrates the importance of
the C terminus for mFpr-rs1 activation although a considerable
amount of flexibility in N-terminal length is permitted. Dele-
tion of the first N-terminal amino acid positions had only a
moderate influence on the receptor response (Fig. 6D). By con-
trast, a ~70-fold lower sensitivity was observed when the first
two amino acids were removed (Fig. 6D). The deletion of the
first three amino acids that included the tyrosine in the third
position resulted in a complete loss of the capability to activate
mFpr-rs1 (Fig. 6D). However, the peptide could still interact
with mFprl and mFpr2 (Fig. 4). Thus, tyrosine at amino acid
position three is a key feature for interaction between W-pep-
tide and mFpr-rs1 but is not required for mFprl and mFpr2.
We also determined the influence of chemical modifications at
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FIGURE 7. A, model indicating residues that are important for the interaction of W-peptide with mFpr-rs1. B, mFpr-rs1 agonist motifs frequently found in
proteins of various microorganisms. C, natural pathogens that exhibit peptide agonist motifs for mFpr-rs1. These sequences were identified by a sequence scan
in UniProtKB/Swiss-Prot, UniProtKB/TrEMBL from July 2012 using the ScanProsite software (release 20.83) and the taxa analysis tool.

the N and C termini (Fig. 6F). To investigate whether amidation
of p-methionine affects its interaction with mFpr-rs1, we tested
a structural homologue lacking C-terminal amidation. This
procedure caused a clear 30-fold rightward shift (Fig. 6F). In
contrast, N-terminal acetylation or formylation had no obvious
effects on mFpr-rs1 activation (Fig. 6F). Thus, the last four
C-terminal amino acids are critical for receptor-ligand interac-
tion, whereas N-terminal modifications do not strongly alter
receptor sensitivity. Hence, mFpr-rs1 could recognize a consid-
erable number of structurally related proteins that show some
common hallmarks (Fig. 7A). Importantly, such motifs occur in
awide variety of proteins that are preferentially found in natural
pathogens (Fig. 7, B and C).

DISCUSSION

Several main findings emerge from the current work. We
discovered several subtype-selective agonists for mouse
immune Fprs and identified W-peptide and related structures
as a new agonist class for the vomeronasal receptor mFpr-rs1.
Using a novel chemical library, our experiments revealed ste-
reo-selective tuning of mFpr-rs1 for related p-amino acid-con-
taining peptides. Moreover, we identified specific motifs that
are critical for mFpr-rs1 ligand-receptor interaction. Interest-
ingly, such motifs exist in a variety of proteins derived from
natural pathogens, supporting the proposed role of mFpr-rs1 in
vomeronasal pathogen detection. Overall, our findings demon-
strate that the agonist profile of mFpr-rs1 is distinct from that

of immune Fprs. Our results show widespread functional con-
servation between mouse and human immune Fprs and suggest
a neofunctionalization of the vomeronasal Fprs.

Neofunctionalization of Mouse Formyl Peptide-related
Receptors—Recent phylogenetic analysis of the Fpr family in
mammals provided genetic evidence for a rodent-specific neo-
functionalization of the vomeronasal Fprs in mouse (18). We
here provide the first functional support for this hypothesis. In
case of mFpr-rs1, we have clear evidence that its agonist spec-
trum is much more selective than that of mFprl and mFpr2.
Despite robust activation of mFpr-rs1 by W-peptide and struc-
tural derivatives we did not observe any responses to other typ-
ical ligands that activate immune Fprs. Moreover, we showed
that interaction of mFpr-rs1 with W-peptide is more restrictive
in its structural requirements than that of mFprl or mFpr2
because several structural derivates that could not activate
mFpr-rs1 still activated mFpr1 or mFpr2. We found that C-ter-
minal amino acids of W-peptide are critical for ligand-receptor
interaction, whereas changes in the N-terminal region are bet-
ter tolerated (Fig. 7A).

Our ligand model predicts that a substantial number of
chemically related peptides will activate mFpr-rs1. Moreover,
there is the intriguing possibility that other peptide sequences
or not yet tested posttranslational modifications may further
enhance the receptor agonist interaction or enlarge the number
of potential ligands. A particularly interesting feature of mFpr-

FIGURE 6. Response of mFpr-rs1 to W-peptide derivates. A, representative Ca®* traces from FLIPR experiments of all mouse receptors to 5 um W-peptide. B,
comparison of concentration-response curves between mFpr-rs1 and the mouse and human immune Fprs. C-F, concentration-response curves of mFpr-rs1 to
stimulation with structural derivatives of W-peptide. The lead structure of W-peptide is labeled in red. Modifications in the peptide structure are underlined.
Peptide sequences are shown in one-letter amino acid code. L-Isomers are given in capital letters whereas p-isomers are displayed in lowercase letters. NH,,
amidated N terminus; Ac, acetylated N terminus; f, formylated N terminus. EC5, values = S.D. (error bars) represent mean values of duplicate measurements

from at least three independent transfections.
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rsl is its strong stereo-selective preference for peptides with a
D-amino acid in the last C-terminal position. This finding is
rather surprising because pD-amino acids are relatively rare in
nature, and most natural proteins and peptides consist solely of
L-amino acids (38). However, microorganisms are a potent nat-
ural source for p-amino acid-containing peptides, as these are
found in the bacterial cell wall and in toxins secreted by fungi
(38). Notably, a number of proteins in pathogens contain those
peptide motifs that were identified in the present study (Figs. 6
and 7B). Thus, our ligand profile of mFpr-rs1 supports a role in
vomeronasal pathogen detection although natural ligands still
remain to be identified.

We did not detect any specific activation of the remaining
four vomeronasal Fprs (mFpr-rs3, mFpr-rs4, mFpr-rs6, and
mFpr-rs7) by our current ligand selection that focused on pep-
tide agonists of immune Fprs. Responses to CRAMP33,
CRAMP39, or rCRAMP33 also occurred in mock-transfected
cells and, therefore, were nonspecific. A possible explanation is
that vomeronasal Fprs may detect molecules that were lacking
in our current ligand panel. Interestingly, mFpr-rs1 is expressed
in the basal zone of the VNO epithelium (18, 19) which is
known to detect peptide and protein cues (12). The remaining
four vomeronasal Fprs are expressed in the apical zone of the
VNO (18, 19) that responds predominantly to low molecular
weight organic molecules (12). Thus, it is tempting to speculate
that the Fprs in the apical zone may recognize ligands that are
more similar to lipoxin A4, A14, or other small organic ligands
rather than peptides. Alternatively, Fprs expressed in HEK cells
could behave somewhat differently from those of native VSN.
For example, we have not yet determined the influence of
known cofactors for immune Fprs, such as CD38 or MARCO
(39, 40), that could modulate receptor responses. Differential
expression of cofactors in HEK cells could be a potential factor
to explain diverse results. We have no evidence for any alterna-
tive explanations such as difficulties in heterologous expres-
sion. Our immunohistochemical and functional results clearly
show adequate expression and correct cell surface localization
of all mouse Fprs. We also demonstrate that Fprs are quite
promiscuous and readily interact with Ga; ; and several other G
protein chimeras.

Functional Conservation between Human and Mouse
Immune Fprs—We found substantial evidence for functional
conservation between mouse mFprl and mFpr2 and their
human counterparts hFPR1 and hFPR2. Remarkably, >90% of
the tested compounds were detected by these receptors in both
species. In case of W-peptide, even the concentration-response
profiles were nearly identical. Given that both species split
already ~100 million years ago (41) and the sequence identity
between human and mouse Fprl and Fpr2 is only 73 and 77%,
respectively, the extent of this functional conservation is sur-
prisingly high. Thus, there may be similar biological constraints
underlying the evolution of these receptors across both species.
All four receptors are expressed in the immune system (21), and
it seems that they have closely similar functional requirements
in pathogen detection and immune function, despite the fact
that both species vary strongly in their susceptibility to infec-
tions by different pathogenic strains. These findings support a
model in which immune Fprs are highly sensitive, global che-
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modetectors for a wide variety of components released by fungi,
bacteria, and viruses or endogenous tissues during infections or
inflammatory processes. By contrast, hFPR3, which is also
expressed in human monocytes and mature dendritic cells,
seems to have a more restricted biological function because
many of the compounds that activated both hFPR1 and hFPR2
did not activate hFPR3. In line with previous results (20), we
observed that the sensitivity of hFPR3 toward most activators
was drastically lower than that of hRFPR1 or hFPR2.

Agonist Properties of Mouse and Human Fprs—W e observed
that DMSO, which we initially used as an organic solvent, acti-
vates cells expressing hFPR2. This is of considerable interest
because DMSO is used not only as a solvent but also as a drugin
diverse therapeutic treatments (42). Our observation might,
therefore, help to explain some of the well known immune
modulatory effects of DMSO on human leukocytes (42). Fur-
thermore, we discovered several novel agonists to examine the
biological function of individual receptors: Temporin A amide
as a selective agonist for mFpr2, and T20, B-amyloid,_,,, and
V3gp120 HIV (BK-130) as selective activators of mFPR1. Inter-
estingly, the structurally closely related V3gp120 HIV (JR-FL) is
aselective activator of human hFPR3 but did not activate any of
the mouse receptors. Hence, small sequence variations in these
ligands can be sufficient to alter receptor activation strongly.
Moreover, we observed that mFpr1 is ~100-fold more sensitive
to the mitochondrial formyl peptide NDI-61 than mFpr2. With
an EC;, in the picomolar range, NDI-6I is one of the most
sensitive activators of mFprl. Our results also show that T20 is
a selective agonist of mFprl. This fits well with previous find-
ings indicating that T20 loses its chemotactic effects on neutro-
phils in mFprl-deficient mice (43). However, Ref. 43 also
reports an activation of mFprl and mFpr2 by T20 in HEK293
cells, which is inconsistent with the lack of response of leuko-
cytes in mFprl-deficient mice (43). Moreover, it was recently
reported that CRAMP specifically activates all five mouse
vomeronasal Fprs when expressed heterologously (19). We
were unable to confirm specific activation by CRAMP because
of high unspecific, endogenous background signals to this
ligand (Fig. 3B). The same study also reported that fMLF acti-
vated four of the five vomeronasal Fprs. In line with other inves-
tigations (18, 29, 30, 43, 44) we did not observe any activation of
a vomeronasal Fpr by fMLF. One future experimental strategy
that may resolve these questions is combining results from in
vitro studies with those of native VSNs expressing known Fprs.
In pilot studies, we already observed that a small subfraction of
VSNs exhibits stereo-selective tuning to p-W-peptide. How-
ever, given that V2R receptors also recognize short peptides (9),
formal proof that these neurons indeed express mFpr-rs1 will
be crucial.
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