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The Relaxin Receptor (RXFP1) Utilizes Hydrophobic Moieties
on a Signaling Surface of Its N-terminal Low Density
Lipoprotein Class A Module to Mediate Receptor Activation™
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Background: Activation of the relaxin receptor RXFP1 is driven by the LDLa module at the RXFP1 N terminus.
Results: LDLa residues Leu-7, Tyr-9, and Lys-17 all contribute to receptor activation via interactions involving their hydropho-

bic side chains.

Conclusion: These interactions induce the active receptor conformation, suggesting a novel mode of GPCR activation.
Significance: This novel mechanism of GPCR activation may lead to new drug development.

The peptide hormone relaxin is showing potential as a treat-
ment for acute heart failure. Although it is known that relaxin
mediates its actions through the G protein-coupled receptor
relaxin family peptide receptor 1 (RXFP1), little is known about
the molecular mechanisms by which relaxin binding results in
receptor activation. Previous studies have highlighted that the
unique N-terminal low density lipoprotein class A (LDLa) mod-
ule of RXFP1 is essential for receptor activation, and it has been
hypothesized that this module is the true “ligand” of the recep-
tor that directs the conformational changes necessary for G pro-
tein coupling. In this study, we confirmed that an RXFP1 recep-
tor lacking the LDLa module binds ligand normally but cannot
signal through any characterized G protein-coupled receptor
signaling pathway. Furthermore, we comprehensively examined
the contributions of amino acids in the LDLa module to RXFP1
activity using both gain-of-function and loss-of-function muta-
tional analysis together with NMR structural analysis of recom-
binant LDLa modules. Gain-of-function studies with an inactive
RXFP1 chimera containing the LDLa module of the human LDL
receptor (LB2) demonstrated two key N-terminal regions of the
module that were able to rescue receptor signaling. Loss-of-
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function mutations of residues in these regions demonstrated
that Leu-7, Tyr-9, and Lys-17 all contributed to the ability of the
LDLa module to drive receptor activation, and judicious amino
acid substitutions suggested this involves hydrophobic interac-
tions. Our results demonstrate that these key residues contrib-
ute to interactions driving the active receptor conformation,
providing further evidence of a unique mode of G protein-cou-
pled receptor activation.

Relaxin belongs to the seven-member relaxin peptide family,
which is believed to have evolved from insulin early in the evo-
lution of vertebrates (1). There are three relaxin peptides in
human, relaxin-1, -2, and -3, named so because of the presence
of the well characterized relaxin binding cassette, Arg-X,-Arg-
X,-Ile/Val (where X represents any amino acid), in the peptide
B-chain. The RLN3® gene was discovered in 2002 (2) and
encodes a highly conserved neuropeptide that is the ancestral
peptide of the relaxin family (1, 3). Humans and other higher
primates possess an RLNI and an RLN2 gene, whereas other
mammals have only an RLNI gene (1, 4). The function of the
RLN1I gene in humans and higher primates is unknown, and
indeed no peptide product of this gene has ever been isolated.
The human RLN2 gene product, H2 relaxin, is secreted into the
blood and is the functional orthologue of the RLNI gene prod-
uct, simply called relaxin, found in other non-primate mamma-
lian species (5). Relaxin has long been recognized as a reproduc-
tive hormone with important roles during pregnancy (for a

® The abbreviations used are: RLN, relaxin; GPCR, G protein-coupled receptor;
LDLa, low density lipoprotein class A; RXFP, relaxin family peptide; LDLr,
low density lipoprotein receptor; LB2, second ligand binding domain; IRES,
internal ribosomal entry site; SEAP, secreted alkaline phosphatase; GB1, B1
immunoglobulin binding domain of streptococcal protein G; APSY, auto-
mated projection spectroscopy; HSQC, heteronuclear single quantum cor-
relation; r.m.s.d., root mean square deviation; CRE, cAMP response
element.
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FIGURE 1. Boxshade alignment of LDLa module sequences from RXFP1
receptors from various mammalian species in comparison with the
sequence of LB2 of the human LDLr. The conserved cysteine residues are
highlighted in red, conserved amino acids are highlighted in black, and con-
servative amino acid substitutions are shaded.

review, see Ref. 6). However, it is the recent understanding of its
roles in the cardiovascular system as a vasodilator (7-9), car-
dioprotective agent (10), and angiogenic factor (11) that is gen-
erating much interest. Indeed, recombinant H2 relaxin (sere-
laxin) has been demonstrated to be an effective treatment for
acute heart failure in a recently completed Phase III clinical trial
(12).

In 2002, the cognate receptor for relaxin was discovered to be
the leucine-rich repeat-containing G protein-coupled receptor
(GPCR) 7 (13), now known as the relaxin family peptide recep-
tor 1 (RXFP1) (14). Typical of leucine-rich repeat-containing
GPCRs, RXFP1 is a multidomain receptor with a classic GPCR
seven-transmembrane helical region and a large extracellular
domain containing the characteristic leucine-rich repeats
formed by a-helices and B-sheets. Similar to other leucine-rich
repeat-containing GPCRs, the leucine-rich repeat domain is
essential for ligand binding in both RXFP1 (15) and the closely
related RXFP2 (16, 17), which is the receptor for insulin-like
peptide 3. However, RXFP1 and RXFP2 are unique in both the
leucine-rich repeat-containing GPCR and GPCR family in that
they have a low density lipoprotein receptor (LDLr) class A
(LDLa) module at their N termini. Importantly, this module is
conserved across evolution and has been demonstrated to be
essential for ligand-stimulated signaling (18, 19). No cAMP
responses were observed when RXFP1 and RXFP2 constructs
lacking an LDLa module were stimulated with ligand despite
the constructs exhibiting ligand binding properties comparable
with wild type receptors (18). Later, it was learned that LDLa
structural integrity is essential for the function of RXFP1. Struc-
tural perturbation via mutation of the Ca*>*-ligating Asp-36 in
the RXFP1 LDLa (20), abolishment of the disulfide bond at the
N (19) or C terminus (20) of the module, or mutation of Phe-10,
which is important for residue packing within the module
including those involved in Ca®" ligation (19), resulted in
mutants unable to elicit any cAMP response upon stimulation.
In addition to a correctly folded module, there is also evidence
to suggest that specific amino acid side chains are necessary for
the activity of the LDLa module. When the LDLa module of
human RXFP1 was swapped with the second ligand binding
domain (LB2) of the LDLr with which it shares high structural
but relatively low sequence similarity (Fig. 1), the resulting chi-
mera was unable to signal, although it was expressed on the cell
surface and bound H2 relaxin like RXFP1 (19). Further charac-
terization of the RXFP1 LDLa module via mutation alongside
NMR structural analyses of proteins of equivalent mutant LDLa
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modules identified two potential LDLa signaling residues,
Leu-7 and Tyr-9 (19). Although the study did not conclusively
verify the properties of Leu-7 or Tyr-9 essential for activation, it
provided compelling evidence to suggest that specific LDLa
residues with specific signaling roles exist.

It is clear that an obvious gap in the understanding of RXFP1
activation exists as the molecular mechanics surrounding the
role of the LDLa module remain elusive. Therefore, this study
aimed to advance our understanding of the molecular mecha-
nisms of LDLa-mediated activation of RXFP1. First, we clarified
whether the LDLa module is essential for any G protein-medi-
ated signaling. We then adopted a gain-of-function and loss-of-
function approach to identify LDLa signaling residues. Subse-
quently, we sought to understand the molecular mechanism
involved in the LDLa action by characterizing the side chain
properties engaged in potential protein-protein interactions
that form the active receptor.

EXPERIMENTAL PROCEDURES

Generation of HEK293T Cell Lines Stably Expressing RXFP1
without the LDLa Module—HEK293T cells (ATCC number
CRL-1573, American Type Tissue Culture Collection) stably
expressing RXFP1 without the LDLa module (RXFP1-short)
were generated via retrovirus transduction (21). Simply, the
receptor-coding DNA sequence was first subcloned in-frame
via a 5" BamHI and a 3’ Xhol restriction site into the MSCV-
IRES-GEP retroviral expression vector (a kind gift from Asso-
ciate Prof. Ross Hannan, Peter MacCallum Cancer Centre,
Melbourne, Australia) in the 5'—3" direction between the 5’
long terminal repeats and the internal ribosomal entry site
(IRES) sequence. Green fluorescent protein (GFP) follows the
IRES. Following cloning and sequencing, the MSCV-RXFP1-
short-IRES-GFP construct was utilized for retrovirus produc-
tion by co-transfecting HEK293T cells on a 10-cm cell culture
dish (Nunc) with the construct together with the Ampho pack-
aging plasmid (a kind gift from Associate Prof. Ross Hannan)
for 48 h. Retrovirus secreted into the medium was collected and
passed through a 30-mm-diameter 0.45-um Durapore PVDF
syringe filter (Millipore) to remove any cell particulate prior to
storage at —80 °C.

HEK293T cells seeded on a 10-cm cell culture dish were
transduced with the harvested retrovirus by replacing the cell
culture medium with 10 ml of the retrovirus-containing
medium mixed with Polybrene (Millipore) to increase the
transduction efficiency. Two rounds of 24-h transduction were
performed before the cells were allowed to recover for 48 h in
Dulbecco’s modified Eagle’s medium (DMEM) (Multicel) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS),
1% penicillin/streptomycin, and 1% L-glutamine (referred to as
complete DMEM). The cells were then transferred and grown
to confluence in a 175-cm? flask. Transduced cells were sorted
into three distinct populations based on the amount of GFP
fluorescence using fluorescence-activated cell sorting (FACS)
on a MoFlo™ XDP cell sorter (Beckman Coulter): high,
medium, and low GFP (hence receptor) expression. These cells
were then grown to confluence before assessing receptor
expression on the cell surface via the cell surface expression
assay as outlined below.

JOURNAL OF BIOLOGICAL CHEMISTRY 28139



The Unique Mode of Relaxin Receptor Activation

Secreted Alkaline Phosphatase (SEAP) Reporter Gene Assay—
The SEAP reporter gene assay was performed as described
(22) using reporter gene constructs (Clontech) that contained
the SEAP gene under the control of specific transcription factor
consensus sequences (CAMP response element (CRE), gluco-
corticoid response element, nuclear factor of kB cells (NF«B),
activator protein 1, serum response element, nuclear factor of
activated T cells, E-box DNA binding element (Myc), and heat
shock element). Briefly, HEK293T cells stably expressing
RXFP1 or RXFP1-short seeded in 12-well plates (Nunc) were
first transfected with the desired plasmids for 30 h at a 1:1 ratio
for a reporter gene of interest and the mCherry plasmid. Cells
were then partially serum-starved for 18 h in DMEM supple-
mented with 0.5% FBS, 1% penicillin/streptomycin, and 1%
L-glutamine prior to stimulation using 100 nm H2 relaxin. Stim-
ulation was allowed to occur for 18 h (a time point chosen as
responses began to peak at 12 h and were maintained at 24 h
(22)) after which medium samples were collected, frozen at
—20°C, and had their SEAP protein content quantified using
the BD Great EscAPe™ SEAP Fluorescence Detection kit
(Clontech). The transfection efficiency of the reporter gene
constructs could affect SEAP protein expression and hence bias
the results; therefore, the mCherry plasmid, which constitu-
tively expressed a red fluorescent monomer, served as a control
to measure transfection efficiency between and within experi-
ments. Upon medium sample collection, cells in each well were
lysed in 500 ul of lysis buffer (50 mm Tris base, 150 mm NaCl, 1
mM EDTA, 1% Triton X-100, pH 7.4) and transferred to a
96-well OptiPlate with white opaque walls. mCherry fluores-
cence was then measured using a Victor Multilabel Plate
Reader with 587 and 610 nm excitation and emission wave-
lengths, respectively.

Data analysis was performed as described (22) using
GraphPad Prism 5. Briefly, discrepancies in cell transfection
efficiency were first corrected by standardizing the SEAP pro-
tein measurement using the fluorescence measurement of the
mCherry protein in each individual well. The transformed
SEAP readings were then expressed as -fold change in response
to peptide stimulation compared with the effect of vehicle
alone. Data from three independent assays were pooled and are
displayed as mean -fold change *S.E. Unpaired two-tailed ¢
tests were performed on the transfection-standardized and
background-corrected data, comparing the peptide- and vehi-
cle-treated cells for each reporter gene construct.

Generation of RXFP1-LB2—Human RXFP1 with its LDLa
module substituted with the LB2 module was cloned into
pcDNA3.1/Zeo (RXFP1-LB2) (19). As the LB2 module was
inserted via two artificially engineered EcoRI restriction sites
flanking the LDLa sequence, site-directed mutagenesis was
used to delete the two additional amino acids (Glu-Phe) at each
end of the LDLa module encoded by the EcoRlI restriction sites.

Site-directed Mutagenesis—Site-directed mutagenesis was
carried out via the QuikChange method as described (23).
Polymerase chain reactions were performed with the RXFP1 or
RXFP1-LB2 plasmids as templates to generate whole receptor
mutants. The pGEV-LB2 plasmid expresses the LB2 module
fused at its N terminus to B1 immunoglobulin binding domain
of streptococcal protein G (GB1). Mutagenesis was performed
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on this plasmid to generate mutant LB2 modules for recombi-
nant expression in Escherichia coli. Mutagenic primers were
designed as detailed (24). The constructs together with the
primers incorporating the mutations of interest are listed in
Table 1. The complete sequence of each generated plasmid was
verified via fluorescence-based cycle DNA sequencing.

Generation of SLGYFP NITK C-term-RXFPI-LB2—The
entire RXFP1 LDLa C-terminal region beginning from Asn-26
was transposed into the SLGYFP NITK-RXFP1-LB2 construct
using a cloning strategy because more RXFP1 LDLa residues
were to be introduced into the LB2 module than was viable
using single mutagenesis PCR. Hence, the DNA sequence
encoding the LB2 module with introduced RXFP1 LDLa resi-
dues and flanking EcoRI restriction sites was purchased from
GenScript and cloned into the original pcDNA3.1/Zeo con-
struct (19). Site-directed mutagenesis was then used to delete
the additional sequences encoded by the EcoRI restriction sites
prior to use.

cAMP Activity Assay— cAMP activity assays were performed
as described previously (18, 23). Briefly, HEK293T cells seeded
on 96-well plates (Nunc) were transfected with plasmids of the
receptor construct of interest and the CRE B-galactosidase
reporter in a 1:1 ratio for 18 h. Afterward, cells were incubated
with 100 ul of H2 relaxin in increasing concentrations made up
in complete DMEM. Positive and negative control stimulations
using 100 wl of 5 um forskolin (Sigma-Aldrich) and 100 ul of
complete DMEM, respectively, were also performed. After 6 h,
the medium was aspirated, and cells were frozen overnight at
—80°C. Measurement of cAMP-driven [-galactosidase
expression then followed based on its interaction with its sub-
strate, chlorophenol red B-p-galactopyranoside (Roche Diag-
nostics). Data were analyzed using GraphPad Prism 5 and are
presented as the mean percentage of 5 um forskolin response
*S.E. These were then standardized for the cell surface expres-
sion of each construct. Significance was determined using one-
way analysis of variance followed by a Tukey-Kramer multiple
comparison post-test.

Cell Surface Expression Assay—All constructs were fused
with an N-terminal FLAG epitope tag to enable monitoring of
receptor expression using an anti-FLAG antibody. Adhering to
the 1:1 ratio, HEK293T cells on 24-well plates (Nunc) were
transfected with the plasmid of the receptor construct of inter-
est and empty pcDNA3.1/Zeo for 18 h. Receptor expression
was then assessed in triplicates as described (23) using an anti-
FLAG mouse monoclonal primary antibody (Sigma-Aldrich)
and a goat anti-mouse Alexa Fluor 488 secondary antibody.
Data were analyzed using GraphPad Prism 5 and are displayed
as the mean percentage of the wild type receptor expression
+S.E. Unpaired two-tailed ¢ test was performed to gauge the
significance of the expression of each receptor of interest above
the background as well as compared with RXFP1.

Whole Cell Competition Binding Assay Using '*°I-Labeled H2
Relaxin ("**I-H2 Relaxin)—HEK293T cells on 48-well plates
(Nunc) were transfected with the plasmid of the receptor con-
struct of interest for 18 h. Ligand binding was then assessed in
triplicates as described (23) using increasing concentrations of
H2 relaxin to compete with '**I-H2 relaxin (kindly provided by
Mohsin Sarwar and Prof. Roger Summers, Monash Institute of
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RXFP1 variants and their corresponding mutation as well as the template DNA and primers used in QuikChange site-directed mutagenesis

Sense mutagenic Antisense mutagenic

Double site

SLGYFP G12del-RXFP1-
LB2

SLGYFP NITK-RXFP1-
LB2

K4S, S5L, D7Y, S9P,
G12del

K4S, S5L, D7Y, S9P,
G12del, R13N, V141,

SLGYFP-RXFP1-LB2
SLGYFP-RXFP1-LB2

ctgcgacaacggce
cctgtggececgtgtcaaccget

gggaacatcacaaagtgcattcctcagttct
ggaggtgc

Receptor construct Mutation introduced Template DNA primer (5'-3" DNA sequence) primer (5'-3’" DNA sequence)
Gain-of-function mutants
Single site

G12del-RXFP1-LB2 G12del RXFP1-LB2 gctgtggccgtgtcaaccgetge ggccacagctgaagtccccggatttge

S34A-RXFP1-LB2 S34A RXFP1-LB2 ggcgcagacgagcaaggctgtggagac ctcgtctgegeecgttgtegecagteccacttyg

SLGYFP-RXFP1-LB2 K4S, S5L, D7Y, S9P RXFP1-LB2 ctgcagtttagggtacttccecctgtgggggee cacaggggaagtaccctaaactgcaggtgac
gtgtcaac ggatccacg

NITK-RXFP1-LB2 G12del, R13N, V141, RXFP1-LB2 ggacttcagctgtgggaacatcacaaagtgce ccagaactgaggaatgcactttgtgatgtt

N15T, R16K attcctcagttctgg cccacagctgaagtcce

LLH-RXFP1-LB2 F21L, W22L, R23H RXFP1-LB2 cgctgcattcctcagetectgcactgegatgg ccacttggccatcgcagtgcaggagetgagyg
ccaagtgg aatgcagcg

NGVD-RXFP1-LB2 D25N, Q27V, V28D RXFP1-LB2 cctcagttctggaggtgcaacggecgtggacga gccgttgtcgcagtegtccacgeegttgeac

ctccagaactgagg
cggccacaggggaagtaccctaaactge

gcactttgtgatgttcccacaggggaagta
ccctaaactg

Triple residue
L7K/Y9M/K17A-RXFP1

L7K, YOM, K17A

L7K/YOM-RXFP1

acggty

cacagcgtgcttgectcagetectg

N15T, R16K
Loss-of-function mutants
Single residue
L7A-RXFP1 L7A RXFP1 ctccgecggctatttceccectgtgggaacate gccggcggagcacttgacatcecctggteg
L7K-RXFP1 L7K RXFP1 ctccaaaggctatttcccecctgtgggaacatce gcctttggagcacttgacatcctggteg
Y9F-RXFP1 YOF RXFP1 ggctttttccecctgtgggaacatcacaaag gaaaaagccaagggagcacttgacatcc
Y9M-RXFP1 YOM RXFP1 ggcatgttcccctgtgggaacatcacaaag gaacatgccaagggagcacttgacatcc
I15A-RXFP1 115A RXFP1 gaacgccacaaagtgcttgectcagete gtggcgttcccacaggggaaatagccaag
T16A-RXFP1 T16A RXFP1 catcgcaaagtgcttgcctcagetectg ctttgcgatgttcccacaggggaaatagec
aag
K17A-RXFP1 K17A RXFP1 cacagcgtgcttgectcagetectg cacgctgtgatgttcccacaggggaaatag
K17M-RXFP1 K17M RXFP1 caatgtgcttgcctcagctectge gataaaggggacacccttgtagtgttacac
L19A-RXFP1 L19A RXFP1 gtgcgcgectcagectectgecactgtaacg gctgaggcgcegcactttgtgatgttceccac
aggg
Double residue
L7A/L22A-RXFP1 L7A, L22A L7A-RXFP1 caggccctgcactgtaacggtgtggacg cagggcctgaggcaagcactttgtgatgttce
L7K/L22K-RXFP1 L7K, L22K L7K-RXFP1 cagaaactgcactgtaacggtgtggacg cagtttctgaggcaagcactttgtgatgttce
L7K/Y9M-RXFP1 L7K, YOM YOM-RXFP1 ctccaaaggcatgttccecctgtgggaac gcctttggagcacttgacatcctggteg
L19A/P20A-RXFP1 L19A, P20A RXFP1 gtgcgcggcacagctcectgecactgta gctgtgccgegecactttgtgatgtteccac

aggg

gcacgctgtgatgttcccacaggggaac

Pharmaceutical Sciences, Melbourne, Australia). Data were
analyzed using GraphPad Prism 5 and are presented as the
mean percentage of specific binding *S.E. Significance was
determined using one-way analysis of variance followed by a
Tukey-Kramer multiple comparison post-test.

Expression and Purification of SLYFP NITK-LB2—SLGYFP
NITK-LB2 was expressed using the pGEV-LB2 plasmids appro-
priately mutated to incorporate RXFP1 sequences of interest.
Protein expression and purification were performed as
described (19). Briefly, plasmids were transformed into
BL21(DE3)trxB (Novagen) for expression of the GB1-LB2
mutant protein. Freshly transformed cells were used for all pro-
tein expression cultures. All cultures were grown and protein
expression was induced at 37 °C. Proteins were >N- or *C,**N-
labeled by growing cultures in a 2-liter Braun Biostat fermenter
containing 1 liter of minimal medium with "*NH,Cl and
p-["*C]glucose as the sole nitrogen and carbon sources. Fer-
mentation was conducted as described by Cai ez al. (25). Protein
expression was induced by the addition of 1 mm isopropyl
1-thio-B-Dp-galactopyranoside for 2.5 h after which cells were
harvested, pelleted, and stored at —20 °C.

Fusion protein was purified using IgG-Sepharose (GE
Healthcare) via the manufacturer’s instructions. The eluted
protein was buffer-exchanged into 50 mm Tris-HCl, 150 mm
NaCl, pH 7.5 and concentrated to ~100 ug/ml using a 3-kDa-
cutoff Vivaspin centrifugal concentrator (Sartorius). Protein
concentration was adjusted to 100-300 ug/ml in refolding
buffer (3 mm reduced glutathione, 0.3 mm oxidized glutathione,
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50 mm Tris-HCI, 150 mm NaCl, 2.5 mm CaCl,, pH 7.5). The
sample was incubated overnight at 4 °C with stirring to allow
the complete formation of disulfide bonds.

Postoxidation, the GB1 fusion protein was cleaved from the
LDLa module overnight by incubation with 10 units of throm-
bin protease (GE Healthcare)/mg of fusion protein. The cleaved
GBI was separated from the LDLa module by passing the sam-
ple over IgG-Sepharose. The unbound LDLa module was fur-
ther purified by reverse phase HPLC on a Jupiter Proteo 4-um
90-A column with a 15— 60% gradient (Buffer A, 1% TFA; Buffer
B, 100% acetonitrile, 1% TFA). The eluted protein was lyophi-
lized and stored at —20 °C.

NMR Analysis and Structure Determination of SLGYFP
NITK-LB2—Lyophilized '*C,"*N-labeled SLGYFP NITK-LB2
was diluted to 1 mm with 50 mm imidazole, pH 6.0, 10 mm
CaCl,, 10% D,O in a 5-mm Shigemi tube for NMR studies.
Three APSY (26) NMR experiments (five-dimensional APSY-
CBCACONH, five-dimensional APSY-HACACONH, and
four-dimensional APSY-HACANH) were acquired on 500-
MHz spectrometer equipped with a cryoprobe. Automated
backbone assignments (NH, N, Ha, Ca, and C’) including CB
were obtained from UNIO-MATCH v.2.0.2 (27) using the input
of the three APSY peak lists. Three NOESY spectra with a mix-
ing time of 150 ms (three-dimensional 'H,'"H NOESY-'°N
HSQC, three-dimensional 'H,"H NOESY-">C(aliphatic) HSQC,
and three-dimensional *H,"H NOESY-*3*C(aromatic) HSQC)
were acquired on an AVANCE II 800-MHz spectrometer
equipped with a cryoprobe. The backbone assignments after
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UNIO-MATCH were manually checked with three-dimen-
sional *H,"H NOESY-**N HSQC and three-dimensional *H,*H
NOESY-'3C(aliphatic) HSQC spectra and then provided to
UNIO-ATNOS/ASCAN (28) for automated side chain assign-
ments. Finally, all the assignments were interactively checked
and extended using CARA. All the NMR experiments were
recorded at 25 °C.

Automated structure calculation was performed using
UNIO-ATNOS/CANDID (29) with CYANA3.0 (30). Based on
the homologous crystal structure of LB5 (Protein Data Bank
code 1AJ]) (31), the Ca®>" ion coordinate was assigned with
residues Trp-25(0), GIn-30(0), Asp-28(081), Asp-32(052),
Asp-38(082), and Glu-39(0€2) and introduced in the structure
calculation using a “pseudo-link” from the C terminus of the
sequence.

Structure Analysis—All relevant structures were visualized
and aligned using MacPyMOL (The PyMOL Molecular Graph-
ics System, Version 1.5.0.4, Schrodinger, LLC) and MOLMOL
(32).

RESULTS

SEAP Reporter Gene Assays—Reporter gene assays were uti-
lized to determine whether RXFP1 in the absence of the LDLa
module was able to signal via other G protein-implicated path-
ways. To ensure a constant level of receptor expression at the
cell surface, cell lines stably expressing each receptor of interest
were used. An RXFP1 stable cell line was already available (33),
and an RXFP1-short cell line was generated using retrovirus to
transduce HEK293T cells. Transduced cells were sorted into
three populations based on the amount of GFP fluorescence:
high, medium, and low GFP (hence receptor) expression.
Receptor expression and ligand binding assays demonstrated
that the high expression cell line did indeed have high expres-
sion of the RXFP1-short receptor at levels similar to RXFP1
cells (data not shown); hence, this cell line was used for the
SEAP reporter assays.

RXFP1 cells were stimulated with 100 nm H2 relaxin to
screen for GPCR-relevant pathways associated with RXFP1
activation. Of all reporter genes tested, three showed changes in
the SEAP level present in the cell culture medium compared
with the vehicle-treated cells (Fig. 24). At the CRE reporter
gene, secretion of SEAP into the cell culture medium increased
significantly upon stimulation to 3.25 = 0.27-fold of vehicle
treatment (1 = 3, p < 0.01). SEAP secretion also rose signifi-
cantly at the glucocorticoid response element reporter gene
(2.19 = 0.11-fold of vehicle treatment, n = 3, p < 0.01),
although the response was of a smaller magnitude compared
with that seen at the CRE reporter gene. On the other hand,
secretion of SEAP into the medium was inhibited at the NF«B
reporter gene whereby it decreased significantly to 0.52 = 0.07-
fold of vehicle treatment (n = 3, p < 0.01). No significant
change in SEAP secretion compared with vehicle treatment was
detected at the heat shock element, serum response element,
activator protein 1, nuclear factor of activated T cells, and Myc
reporter genes upon receptor stimulation.

In contrast, stimulation of RXFP1-short stable cells with 100
nM H2 relaxin did not induce any change to the transcriptional
activity of all reporter genes tested; hence, SEAP levels in the cell
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FIGURE 2. Reporter gene responses upon stimulation of RXFP1 (A) or
RXFP1-short (B) stably expressed in HEK293T cells using 100 nm H2
relaxin. Data are -fold change of response from vehicle. Symbols represent
means, and vertical bars represent S.E. of triplicate determinations from three
independent experiments. GRE, glucocorticoid response element; AP1, acti-
vator protein 1; SRE, serum response element; NFAT, nuclear factor of acti-
vated T cells; HSE, heat shock element.

culture medium were comparable between the peptide-stimulated
and vehicle-treated cells (Fig. 2B). Importantly, a positive control
construct used in every experiment produced a transfection-stan-
dardized SEAP response that was significantly higher than that of
the negative control construct (data not shown).

Substitution of the RXFP1 LDLa with the LB2 Module—We
have demonstrated previously that conserving the RXFP1
receptor topology by substituting the LDLa module with the
structurally similar but functionally and sequentially distinct
LB2 module (Fig. 1) resulted in a non-signaling chimera despite
its unchanged affinity for H2 relaxin (19). This suggests the
presence of specific amino acids within the module whose side
chains are engaged in protein-protein interactions that form
the active receptor. Because of the conserved receptor topol-
ogy, RXFP1-LB2 provided a suitable scaffold for identifying
LDLa residues implicated in RXFP1 activation via a systematic
introduction of RXFP1 LDLa residues into corresponding posi-
tions in RXFP1-LB2 to rescue its activity. However, it is impor-
tant to note that the original RXFP1-LB2 construct (19) con-
tains additional Glu-Phe residues flanking both ends of the LB2
module encoded by the artificially engineered EcoRI restriction
sites used for cloning. To avoid any potential confounding
effects, these residues were first deleted so that the RXFP1-LB2
N-terminal configuration completely mimicked that of RXFP1.
Like the original RXFP1-LB2, the re-engineered RXFP1-LB2
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could not signal, although it bound H2 relaxin normally and
was expressed on the cell surface at levels similar to RXFP1 (Fig.
3A and Table 2).
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FIGURE 3. H2 relaxin-induced cAMP response of RXFP1-LB2 (A) and G12del-
RXFP1-LB2 and S34A-RXFP1-LB2 (B) compared with RXFP1. cAMP activity is
expressed as the percentage of the 5 um forskolin-stimulated response for each
receptor and has been normalized for cell surface expression. Symbols represent
means and vertical bars (not visible) represent S.E. of triplicate determinations
from at least three independent experiments.

TABLE 2

The Unique Mode of Relaxin Receptor Activation

Characterization of potential RXFP1 LDLa signaling residues
was attempted via a two-prong strategy that combined gain-of-
function studies on the RXFP1-LB2 chimera and loss-of-func-
tion studies on RXFP1. In the gain-of-function studies, residues
across the RXFP1 LDLa module were systematically introduced
into the non-signaling RXFP1-LB2 that bound H2 relaxin nor-
mally to rescue receptor activity. This scanned the entire
RXFP1 LDLa module for potential signaling regions. Upon
identifying such regions, mutational analysis was performed on
RXFP1 to dissect the importance of individual residues in each
region in the complementary loss-of-function studies. Impor-
tantly, all receptor chimeras and mutants were expressed at the
cell surface at levels similar to RXFP1 (Table 2). Additionally,
the H2 relaxin binding ability of all the receptor chimeras and
mutants was unaffected by any of the mutations introduced
(Table 2). This reflected our previous studies whereby H2
relaxin binding was unaffected by the deletion of the RXFP1
LDLa module (18) or by mutations that perturbed receptor sig-
naling (19, 34).

Gain-of-function Studies Utilizing RXFPI1-LB2—Alignment
of the LB2 and RXFP1 LDLa modules reveals that the LB2 pos-
sesses one residue more than the RXFP1 LDLa (Gly-12 as
depicted in Fig. 1). Consequently, Gly-12 was deleted to test
whether it was responsible for the non-signaling of RXFP1-LB2.
G12del-RXFP1-LB2 did not elicit any cAMP response upon H2
relaxin stimulation but was able to bind H2 relaxin normally
(Fig. 3B and Table 2). The LB2 module also contains a potential
glycosylation site at Asn-32 based on the consensus N-glycosyl-
ation sequon (Asn-X-Ser where X represents any amino acid
except Pro). The RXFP1 LDLa module also contains an N-gly-

Pooled activity data for RXFP1 mutants compared with wild type receptor

Competition binding data showing the pIC., values, receptor expression data showing the cell surface expression, and cAMP activity data showing the pEC,, values as well
as percent forskolin-stimulated maximum responses of RXFP1 and all its variants used in this study. NA, no activity.

cAMP activity
Receptor construct Binding pIC,, n Cell surface expression n Maximum response pEC;, n
% of RXEPI
RXFP1 8.79 = 0.07 5 100.10 = 1.76 15 102.40 *+ 3.52 11.72 = 0.03 15
RXFP1-LB2 8.69 = 0.13 3 102.68 = 7.58 5 NA NA 5
Single site gain-of-function mutants
G12del-RXFP1-LB2 8.50 = 0.10 3 100.62 + 9.13 5 NA NA 6
S34A-RXFP1-LB2 8.61 = 0.08 3 101.66 * 7.84 3 NA NA 4
SLGYFP-RXFP1-LB2 8.49 + 0.05 3 103.22 * 4.49 6 12.86 + 1.44 7.70 = 0.15 9
NITK-RXFP1-LB2 8.56 = 0.07 3 106.79 + 8.18 6 32,58 £ 1.32 7.86 = 0.07 8
LLH-RXFP1-LB2 8.80 = 0.07 3 100.90 * 6.66 5 NA NA 3
NGVD-RXFP1-LB2 8.73 = 0.08 3 104.98 *+ 8.55 4 NA NA 3
Double site gain-of-function mutants
SLGYFP G12del-RXFP1-LB2 8.49 +0.10 3 98.77 = 5.82 3 9.31 = 0.45 7.59 = 0.24 3
SLGYFP NITK-RXFP1-LB2 8.61 = 0.09 3 98.14 = 5.96 4 44.07 = 2.38 7.56 = 0.05 6
Triple site gain-of-function mutants
SLGYFP NITK C-term-RXFP1-LB2 8.66 = 0.18 3 104.05 * 7.05 8 41.62 = 2.90 7.84 *+ 0.09 4
Loss-of-function mutants
L7A-RXFP1 8.68 = 0.12 3 103.61 + 9.78 3 107.6 * 6.86 11.00 + 0.17 7
L7K-RXFP1 8.99 = 0.06 3 103.00 * 5.69 6 97.62 = 2.25 10.09 £ 0.08 5
L7A/L22A-RXFP1 8.68 = 0.12 3 102.08 *+ 8.88 3 99.95 * 3.26 11.09 + 0.20 11
L7K/L22K-RXFP1 8.66 = 0.09 3 103.87 + 10.18 3 99.35 = 2.01 10.29 + 0.04 3
Y9F-RXFP1 8.55 = 0.13 3 97.68 = 10.64 3 101.5 * 1.89 11.82 £ 0.08 4
YOM-RXFP1 8.52 £ 0.06 3 93.74 = 10.15 3 96.27 = 4.77 10.46 * 0.03 3
L7K/YOM-RXFP1 8.82 £ 0.10 3 99.88 = 9.34 3 85.44 * 3.73 10.28 = 0.20 7
115A-RXFP1 8.88 = 0.12 3 95.80 = 9.07 3 96.57 = 2.65 11.71 £ 0.12 3
T16A-RXFP1 8.89 £ 0.11 3 97.18 = 10.06 4 94.49 *+ 2.32 11.60 = 0.09 3
K17A-RXFP1 8.61 = 0.08 3 99.76 = 9.43 5 103.3 * 3.04 10.41 = 0.12 4
K17M-RXFP1 8.61 = 0.10 3 98.35 * 6.24 4 102.5 * 1.53 11.37 £ 0.05 6
L7K/YOM/K17A-RXFP1 8.57 = 0.14 3 99.10 = 6.93 6 58.28 = 3.79 9.36 = 0.07 8
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FIGURE 4. H2 relaxin-induced cAMP response of SLGYFP-RXFP1-LB2,
NITK-RXFP1-LB2, LLH-RXFP1-LB2, and NGVD-RXFP1-LB2 (A) and
SLGYFP-RXFP1-LB2, NITK-RXFP1-LB2, SLGYFP NITK-RXFP1-LB2, and
SLGYFP NITK C-term-RXFP1-LB2 (B) compared with RXFP1. cAMP activity
is expressed as the percentage of the 5 um forskolin-stimulated response for
each receptor and has been normalized for cell surface expression. Symbols
represent means and vertical bars (not visible) represent S.E. of triplicate
determinations from at least three independent experiments.

cosylation site that has been demonstrated to be utilized (23)
but is in a different position (Asn-14) on the RXFP1 LDLa mod-
ule. Hence, the influence of Asn-32 glycosylation on the non-
signaling phenotype of RXFP1-LB2 was explored by mutating
Ser-34 to an Ala to disrupt the glycosylation sequon. S34A-
RXFP1-LB2 also did not signal, although it was expressed on
the cell surface and bound H2 relaxin like RXFP1 (Fig. 3B and
Table 2). These observations suggest that these structural
factors are unlikely to be responsible for the non-signaling phe-
notypes of RXFP1-LB2, supporting its suitability as a scaffold
for use in gain-of-function studies.

Subsequently, short stretches of conserved human RXFP1
LDLa residues as represented in Fig. 1 were systematically
introduced into RXFP1-LB2 to generate SLGYFP-RXFP1-LB2,
NITK-RXFP1-LB2, LLH-RXFP1-LB2, and NGVD-RXFP1-
LB2. Importantly, SLGYFP-RXFP1-LB2 and NITK-RXFP1-
LB2 showed a significant rescue of signaling, whereas the other
mutants were inactive (Fig. 44). SLGYFP-RXFP1-LB2 and
NITK-RXFP1-LB2 demonstrated only partial rescue of activity
with both having similar decreased H2 relaxin potency (p <
0.001 versus RXFP1; Table 2) and much lower maximal forsko-
lin-induced cAMP activity (p < 0.01 versus RXFP1; Table 2)
compared with RXFP1. Interestingly, the maximal activity
of NITK-RXFP1-LB2 was higher compared with SLGYFP-
RXFP1-LB2 (32.58 * 1.32 and 12.86 * 1.44%, respectively; p <
0.01). These results suggest that residues within these regions
are important for RXFP1 activity as each region is able to give a
partial gain of function. As evident from Fig. 1, the additional
Gly-12 in the LB2 module is three residues to the C-terminal
end of the mutation in SLGYFP-RXFP1-LB2. Although the
deletion of Gly-12 had no effect on the activity of the non-
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signaling RXFP1-LB2, in the signaling SLGYFP-RXFP1-LB2,
Gly-12 could displace the introduced Ser-4, Leu-5, Tyr-7, and
Pro-9in the LB2 structure as compared with their arrangement
in the RXFP1 LDLa. The equivalent Gly-12 was thus deleted in
SLGYFP-RXFP1-LB2. The dose-response curve of SLGYFP
G12del-RXFP1-LB2 was unchanged compared with SLGYFP-
RXFP1-LB2, suggesting that the additional Gly-12 does not
affect the arrangement of the introduced residues within the
LB2 structure (Table 2).

The mutations in SLGYFP-RXFP1-LB2 and NITK-RXFP1-
LB2 were then combined to test for an additive effect on recep-
tor activity. SLGYFP NITK-RXFP1-LB2 responded to H2
relaxin stimulation with a maximum response of 44.07 = 2.38%
forskolin-induced cAMP activity that was moderately but sig-
nificantly higher than when either mutation was present alone
(p < 0.001 compared with SLGYFP-RXFP1-LB2 and p < 0.01
compared with NITK-RXFP1-LB2) (Fig. 4B and Table 2).
Although its pEC,, value was still unchanged compared with
those of SLGYFP-RXFP1-LB2 and NITK-RXFP1-LB2, the
improved cAMP response is evidence that both regions are
involved concurrently in the formation of the active RXFP1
conformation.

The sequence at the C-terminal region of the RXFP1 LDLa
module is highly similar to the LDLa modules of other proteins
due to the important role of the C-terminal region in chelating
Ca®" (19, 34). Consequently, it seems unlikely that this region
contains residues important for signaling. Nonetheless, the
possibility was still tested. There are four acidic residues in the
C-terminal region of the RXFP1 LDLa (19) and the LB2 (35, 36)
modules whose ligation of a Ca®" is crucial for maintaining
structural integrity. To avoid disrupting Ca®" ligation and
hence the structure, the entire RXFP1 LDLa C-terminal region
beginning from Asn-26 (three residues away from the first
Ca®"-ligating residue in both the LDLa and LB2 modules) was
transposed into SLGYFP NITK-RXFP1-LB2. The three-residue
distance served as a “buffer” in an attempt to maintain the side
chain orientation of the Ca*"-ligating residues whose packing
in the module might be affected by the side chain of residues
adjacent to it. Although SLGYFP NITK C-term-RXFP1-LB2
responded to H2 relaxin stimulation, its dose-response curve
was similar to that of SLGYFP NITK-RXFP1-LB2, suggesting
that the RXFP1 LDLa C-terminal region does not contain
important signaling residues (Fig. 4B and Table 2).

RXFPI Loss-of-function Mutants—The gain-of-function
studies identified two regions in the RXFP1 LDLa module
important for signaling. As short stretches of LDLa residues
were introduced each time, a complementary loss-of-function
was used to dissect the importance of individual residues and
their properties essential for RXFP1 signaling.

The first signaling region identified, SLGYFP, consists of the
RXFP1-specific Ser-6, Leu-7, Tyr-9, and Pro-11. Position 6 is
highly variable across known and predicted mammalian RXFP1
sequences; hence, Ser-6 is unlikely to be important. The three
other residues on the other hand are highly conserved across
mammalian species. Although Pro-11 is completely conserved,
its contribution to signaling was not explored as Pro residues
are typically involved in maintaining protein structure due to
the rigid side chain. Similarly, Phe-10 was not investigated in
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FIGURE 5. The H2 relaxin-induced cAMP response of L7K-RXFP1 and L7A-
RXFP1 (A)and L7K-RXFP1,L7A-RXFP1, L7K/L22K-RXFP1,and L7A/L22A-RXFP1
(B) is shown. C, YOF-RXFP1, YOM-RXFP1, and L7K/YOM-RXFP1 compared with
RXFP1. cAMP activity is expressed as the percentage of the 5 um forskolin-
stimulated response for each receptor and has been normalized for cell sur-
face expression. Symbols represent means and vertical bars represent S.E. of
triplicate determinations from at least three independent experiments.

this study as it is conserved throughout LDLa modules, and a
previous F10A mutation (19) disrupted the ability of the mod-
ule to fold and ligate Ca®>", confirming its structural impor-
tance. As such, only Leu-7 and Tyr-9 were investigated, and
indeed, they had been shown previously to be important for
RXFP1 signaling (19).

Leu-7 was mutated first to an Ala to confirm the previously
observed loss of activity (19) followed by a Lys to test the effect
of a positive charge. The L7K mutation retains a similar length
of side chain while introducing a positive charge. As expected,
L7A-RXFP1 vyielded a decrease in ligand potency compared
with RXFP1 with no change in maximum response (pEC, of
11.00 = 0.17, p < 0.01) (Fig. 5A and Table 2). The introduction
of a positive charge also did not affect the maximum response
but yielded an even greater rightward shift of the L7K-RXFP1
dose-response curve (pECy, of 10.09 = 0.08), which was signif-
icantly different from the L7A-RXFP1 curve (p < 0.01). There-
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fore, these results highlight the importance of the Leu-7 long
aliphatic side chain as well as the considerable unfavorableness
of having a positive charge at this position.

We previously mutated Leu-22 to explore its role in RXFP1
signaling, and whereas L22A-RXFP1 produced a rightward-
shifted dose-response curve, the shift was not statistically sig-
nificant (19). We revisited this residue by mutating Leu-22
together with Leu-7 to test its potential as an auxiliary signaling
residue. In one mutant, the L7A mutation was combined with a
L22A mutation, whereas in another, the L7K mutation was
combined with a L22K mutation. The dose-response curves of
L7A/L22A-RXFP1 and L7K/L22K-RXFP1 were similar to that
of L7A-RXFP1 and L7K-RXFP1, respectively, conclusively
showing that Leu-22 has no role in RXFP1 signaling (Fig. 5B and
Table 2).

Next, the importance of Tyr-9 was investigated. We previ-
ously demonstrated that its mutation to alanine affected the
structure of the LDLa module, causing a loss of signaling (19).
As the removal of the entire side chain disrupted the structure
of the LDLa module, less drastic substitutions were tested to
investigate the role of this residue. Hence, Tyr-9 was first
mutated to the structurally related Phe to explore the impor-
tance of the tyrosine OH group. The dose-response curve of
Y9F-RXFP1 resembled that of RXFP1, suggesting that the OH
group has no signaling role (Fig. 5C and Table 2). Subsequently,
Tyr-9 was mutated to a Met to remove the benzene ring while
conserving the size of the side chain. Compared with RXFP1,
the dose-response curve of YOM-RXFP1 was significantly right-
ward-shifted (pEC,, of 10.46 * 0.03, n = 3, p < 0.001) whereas
the maximum response remained unchanged, implicating the
benzene moiety in RXFP1 signaling (Fig. 6B and Table 2). The
hydrophobicity of the benzene ring suggests that the active
RXFP1 conformation also engages the Tyr benzene ring in
hydrophobic interactions.

The L7K and YOM mutations were combined next to test
whether the hydrophobicity of both residues was engaged
together in interactions that conferred the active receptor con-
formation. Although the pEC,, value of L7K/YOM-RXFP1 was
not significantly different from those of L7K-RXFP1 and YOM-
RXFP1, its maximum cAMP response of 85.44 *= 3.73% was
significantly lower than that of either L7K-RXFP1, YOM-
RXFP1, or RXFP1 (p < 0.05) (Fig. 5C and Table 2). Because this
decrease was not associated with a decrease in cell surface
expression, it appears that the hydrophobicity of both Leu-7
and Tyr-9 is engaged together in the formation of the active
RXFP1 conformation.

Next, the second RXFP1 LDLa region, NITK, consisting of
Asn-14, Ile-15, Thr-16, and Lys-17 was examined. All four res-
idues are highly to completely conserved across all mammalian
species (Fig. 1); however, only Ile-15, Thr-16, and Lys-17 were
studied as Asn-14 has been extensively studied in two previous
studies (18, 23). The mutation of Ile-15 to Ala resulted in no
change in the dose-response curve of [15A-RXFP1 in compar-
ison with RXFP1, suggesting that Ile-15 has no signaling role
(Fig. 6A and Table 2). The same was deduced for Thr-16 as
T16A-RXFP1 also produced a dose-response curve similar to
that of RXFP1 (Fig. 64 and Table 2). However, when Lys-17 was
mutated to an Ala, its dose-response curve was significantly
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FIGURE 6. H2 relaxin-induced cAMP response of I15A-RXFP1, T16A-
RXFP1, K17A-RXFP1, and K17M-RXFP1 (A) and L7K-RXFP1, YOM-RXFP1,
K17A-RXFP1, L7K/Y9M-RXFP1, and L7K/Y9M/K17A-RXFP1 (B) compared
with RXFP1. cAMP activity is expressed as the percentage of the 5 um fors-
kolin-stimulated response for each receptor and has been normalized for cell
surface expression. Symbols represent means and vertical bars represent S.E.
of triplicate determinations from at least three independent experiments.

rightward-shifted (pEC;, = 10.41 = 0.12, p < 0.001), whereas
its maximum response remained unchanged compared with
that of RXFP1. To determine the side chain property essential
for signaling, Lys-17 was mutated to a Met to remove the pos-
itive charge while conserving the size of the side chain. K17M-
RXFP1 yielded a dose-response curve similar to that of RXFP1,
suggesting that the charge is not important for signaling (Fig.
6A and Table 2). It follows that Lys-17 contributes its long ali-
phatic side chain for hydrophobic interactions that form the
active RXFP1 conformation.

Upon detecting this third potential signaling residue, a K17A
mutation was introduced into L7K/YOM-RXFP1 to test
whether all three residues act together to engage the necessary
interactions for RXFP1 activation. Indeed, L7K/Y9IM/K17A-
RXFP1 responded to H2 relaxin treatment with a significantly
reduced pEC,, value 0f 9.36 £ 0.07 compared with when either
mutation was present alone or when the L7K and YOM muta-
tions were combined (p < 0.05 compared with L7K-RXFP1,
p < 0.01 compared with YOM-RXFP1, p < 0.001 compared
with K17A-RXFP1, and p < 0.001 compared with L7K/Y9M-
RXFP1). Similarly, its maximum response of only 58.28 *
3.79% forskolin-induced cAMP activity was also significantly
decreased (p < 0.001 compared with L7K-RXFP1, p < 0.01
compared with YOM-RXFP1, p < 0.001 compared with K17A-
RXFPI, and p < 0.05 compared with L7K/YOM-RXFP1) (Fig.
6B and Table 2). Thus, it appears that reducing the hydropho-
bicity of Leu-7, Tyr-9, and Lys-17 concurrently reduced the
maximum response and efficacy of H2 relaxin.

Structural Analysis of SLGYFP NITK-LB2—Our previous
structural studies of the LDLa module showed that it is sensitive
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to mutagenesis and that decreases in the maximal response
were indicative of either structural perturbation or loss of Ca®*
ligation. As the SLGYFP NITK-LB2 chimera showed only
44.07 = 2.38% of rescued cAMP activity, the structure of this
module was solved and compared with that of RXFP1.

The "H,"”N HSQC spectra of SLYFP NITK-LB2 shows good
dispersion of resonances, indicating that the module is folded as
a globular domain as a consequence of correct disulfide bond
formation and Ca®" ligation (Fig. 7). As the resonances were
significantly shifted from those of both the native LB2 and
RXFP1 LDLa modules, reassignment was required. Assignment
and structure determination were accomplished rapidly by
acquiring four-dimensional and five-dimensional APSY spec-
tra and '°N-edited and '*C-edited NOESY. From the APSY
data, complete assignment of the peptide N, NH, C’, Ce, Hey,
and Cf resonances for all residues except the NH group of
Asp-34 (numbering based on chimera, Protein Data Bank code
2M7P; equivalent to Asp-31 in LB2; Fig. 1) were made. From the
NOESY data, a total of 665 NOEs were assigned (Table 3) and
used to define the structure with an overall backbone r.m.s.d. of
0.35 A between residues 6 and 42. The 20 lowest energy struc-
tures are presented in Fig. 84.

The structure of the SLGYFP NITK-LB2 module overlays
well with the RXFP1 LDLa (Protein Data Bank code 2JM4) with
a backbone r.m.s.d. of 1.68 A over residues 7—41. Importantly,
the three key signaling residues, Leu-7, Tyr-9, and Lys-17, are in
excellent alignment with each other despite the additional Gly
in the LB2 scaffold (Fig. 8B). The structure of SLGYFP NITK-
LB2 suggests that we successfully recreated the arrangement of
the RXFP1 LDLa module within the N-terminal region as the
backbone r.m.s.d. between residues 7 and 21 is 1.08 A, whereas
the C-terminal region (residues 21-41) overlays with a back-
bone r.m.s.d. of 1.2 A. Interestingly, comparison of the SLGYFP
NITK-LB2 structure with the native LB2 suggests that our
mutations have made the fold more “RXFP1-like” as the struc-
ture overlays with an r.m.s.d. of 1.9 A to LB2 (Protein Data Bank
code 1LDR). The C-terminal region of the mutant shows a dis-
tinct difference in the orientation of the Asn residue that is
equivalent to position 35 in RXFP1. In the LB2 structure, this
Asn (Asn-32) is oriented toward the solvent, whereas in RXFP1
LDLa and SLGYFP NITK-LB2, the Asn is oriented toward the
core of the structure (Fig. 9). Taken together, analysis of the
SLGYFP NITK-LB2 demonstrates that we have chosen an
appropriate scaffold to generate the chimera for the gain-of-
function studies and that we have recreated the orientation of
the side chains of the LDLa module that contribute to RXFP1
receptor activation.

DISCUSSION

Several studies have highlighted that the LDLa module is
crucial in conferring the active RXFP1 conformation that leads
to signal activation as truncation of the module or point muta-
tions that disrupted the structure of the module abolished
cAMP related signaling (18-20, 37). Because RXFP1 and
RXFP2 are the only mammalian GPCRs with an LDLa module,
this represents a unique mode of GPCR signaling. We hypoth-
esize that the LDLa module interacts with other receptor
domains to induce the active receptor conformation, and
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FIGURE 7. 'H,"*N HSQC of 1 mm *3C,"*N-labeled SLGYFP NITK-LB2 in 50 mm imidazole, 10 mm CaCl,, 10% D,0, pH 6. 0 and 25 °C acquired at 800 MHz.
Assignments of observed peptide and side chain NH resonances are indicated. Numbering is based on the chimeric LB2 module in Protein Data Bank code

2M7P.

TABLE 3

Input for the structure calculation and characterization of the bundle

of 20 CYANA conformers of SLYFP NITK-LB2 (residues 1-42)

ali, aliphatic; aro, aromatic.

Quantity Value”

NOE upper distance constraints 665

Intraresidual 135

Short range 190

Medium range 159

Long range 181
Number of long range/residue (6—42) 5
Number of assigned NOE peaks

Three-dimensional 'H,"H NOESY-'*N HSQC (%) 80.3

Three-dimensional *H,"H NOESY-*2C(ali) HSQC (%)  86.6

Three-dimensional 'H,"H NOESY-'*C(aro) HSQC (%) 87.6
Residual NOE violations number =0.2 A 2+1
Residual target function value (A?) 1.33 = 0.09
Deviations from idealized geometry

Bond length (A) 0.0128 * 0.00

Bond angle (°) 1.009 * 0.00
r.m.s.d. from mean coordinates (A)

Backbone (6-42) 0.35 +0.11

All heavy atoms (6—42) 0.70 = 0.09
Ramachandran plot statistics” (6-42)

Most favored and additional allowed regions (%) 100

Generously allowed regions (%) 0.0

Disallowed regions (%) 0.0

“ Except for the top nine entries, average values and standard deviations for the 20
CYANA conformers are given. The nine entries represent the output generated
in the seventh cycle of the UNIO-ATNOS/CANDID with CYANA3.0 calcula-
tion. The numbers in parentheses indicate the residues for which the values
were calculated.

? As determined by PROCHECK.
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although we have yet to identify the site of the receptor at which
the LDLa module binds, we predict that it may interact with the
transmembrane domain to induce signaling (38). We previ-
ously identified specific residues on the LDLa module that are
associated with signaling (19). However, the study was limited
as only an alanine scan was performed on the residues that
contributed to the hydrophobic surface of the module and
hence could have overlooked signaling residues present in
other parts of the module. Consequently, in this study, a com-
prehensive examination of the RXFP1 LDLa module was per-
formed to identify signaling residues.

Additionally, the previous studies that measured signaling in
the absence of the LDLa module utilized cAMP-related signal-
ing assays, either direct cCAMP measurement (19, 20, 37) or
cAMP activity assays using a CRE 3-galactosidase reporter (18).
It is possible that the RXFP1 mutant lacking the LDLa module,
RXFP1-short, which is still able to bind relaxin, is signaling
through an alternative GPCR signaling pathway. Therefore, a
panel of reporter genes known to be associated with GPCR
signaling was used to test whether RXFP1 was able to induce
alternative signaling in the absence of the LDLa module. We
previously used this system to study signaling at RXFP1 and
demonstrated that relaxin stimulation of RXFP1 activated the
CRE and glucocorticoid response element reporters but inhib-
ited the NFkB reporter gene (22). Importantly, we were able to
confirm these results while at the same time demonstrating that
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FIGURE 8. A, ensemble of the 20 lowest energy structures of SLYFP NITK-LB2. Structures are represented as an overlay of the backbone structures in MOLMOL
that overlay with an r.m.s.d. of 0.35 A between residues 6 and 42. The side chains from the two “add-back” regions SLYFP and NITK have been represented as
lines. B, overlay of SLYFP NITK-LB2 (blue) onto the structure of RXFP1 LDLa (orange) (Protein Data Bank code 2JM4). The side chains of Leu-7, Tyr-9, and Lys-17
overlay with good agreement. The overall r.m.s.d. of the two structures between residues 6 and 42 is 1.68 A.

FIGURE 9. Overlay of the mean structure of SLYFP NITK-LB2 (blue), RXFP1
LDLa (orange), and LB2 (pink) represented as a cartoon model. The side
chains of Lys-17 and equivalent Arg in LB2 are represented as sticks in addi-
tion to Asn-33 (RXFP1) and the equivalent Asn-32 from LB2. The overlay dem-
onstrates that the chimera is more “RXFP1"-like despite the LB2 scaffold.

the RXFP1-short receptor is unable to signal through any sig-
naling pathway. These studies also gave us the confidence to
utilize the CRE reporter gene to monitor the ability of receptors
to signal in subsequent LDLa mutation studies. Moreover, this
pathway produced the most robust SEAP response and hence
represented the most sensitive measure of receptor activation.

All mutants in this study had cell surface expression and H2
relaxin binding comparable with RXFP1. The unaffected cell
surface expression agrees with our previous data whereby even
receptors with structurally disrupted LDLa modules were
expressed normally on the cell surface (19). The uncompro-
mised H2 relaxin binding was also expected as the LDLa mod-
ule has been established to have no role in ligand binding (18,
19). As such, these factors clearly did not contribute to the
signaling changes observed with a number of the mutants used
in this study.

The gain-of-function approach identified two regions of the
RXFP1 LDLa module that are key to signal activation. Introduc-
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tion of the first region consisting of residues Ser-6, Leu-7,
Tyr-9, and Pro-11 and the second region consisting of Asn-14,
Ile-15, Thr-16, and Lys-17 resulted in an increase in maximal
cAMP signaling compared with the RXFP1-LB2, which was
unable to signal. Although the introduction of both these
regions into RXFP1-LB2 appeared to have an improved effect, it
did not completely restore signaling or significantly increase
the pEC,, value. In contrast, the introduction of Leu-22, Leu-
23, and His-24 did not rescue signaling. The lack of activity of
these residues matches our previous work, which demonstrated
that Leu-23 was potentially important for correct folding of the
module and His-24 may also play an important role in main-
taining the integrity of the module (19). Additionally, substitu-
tion of Leu-22 in this study and previously (19) highlighted that
it is not important to structure or function.

The rescued activity from the reintroduction of the SLGYFP
and NITK regions clearly implicates residues within these
regions as making important contacts. Our previous work high-
lighted that Leu-7 made a specific side chain interaction
involved in receptor activation. Additionally, mutation of Tyr-9
suggested that it has a dual role in maintaining structural integ-
rity in addition to contributing to the signal activation. There-
fore, the regained activity from this region conferred with our
previous hypothesis that the loop before the B-hairpin is impor-
tant. We had not previously considered the residues within the
NITK loop as important for signaling because the residues form
the motif that leads to N-linked glycosylation of Asn-14. Muta-
tion of Asn-14 to inhibit glycosylation did not affect RXFP1
signaling (18, 23), so the initial observation that this region
makes significant contributions to the signaling surface was
unexpected. To further dissect the contribution of individual
residues within these regions, we made single substitutions of
the side chains. However, we opted for subtle changes to probe
the importance of the properties of the side chain rather than
side chain deletions by alanine substitution, which in general do
not appear to be well tolerated by the structure of the module.

To this end, we revealed that it is the hydrophobicity of the
Leu-7 aliphatic side chain and the Tyr-9 benzene ring that is
engaged in interactions that confer RXFP1 activation. Mutation
of these residues individually to conservative non-hydrophobic
residues led to significant shifts in the concentration-response
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curves with relaxin, and the combination of the two resulted in
an additive shift. Examination of the second signaling region
implicated Lys-17 in RXFP1 signaling. Although Lys-17 is pos-
itively charged, mutational investigation showed that RXFP1
activation engages the Lys-17 aliphatic side chain rather than its
charge, paralleling the importance of the hydrophobicity of
Leu-7 and Tyr-9. Asn-14 is another residue of interest in this
region as it forms part of an N-glycosylation sequon (Asn-X-
Thr where X represents any amino acid except Pro) and is likely
to be glycosylated (18, 23). Mutation of Thr-16 to Ala disrupted
the glycosylation sequon but had no effect on signaling, H2
relaxin binding, or receptor cell surface expression, suggesting
that Thr-16 has no role in signaling. Additionally, this also sug-
gests that Asn-14 glycosylation is not important for RXFP1
function. This is in agreement with several findings where an
N14Q mutation had no (18) or a minor effect on signaling (23)
but contradicted another (20) whereby the same N14Q muta-
tion led to decreased cell surface expression and cAMP signal-
ing. Because of the conflicting results, it is unlikely that Asn-14
or its glycosylation represents an important factor in RXFP1
signaling because if either were important substituting the res-
idue and/or changing its glycosylation status should yield
reproducible effects.

Subsequently, the K17A mutation was combined with the
L7K and Y9M mutations. The dose-response curve of L7K/
Y9M/K17A-RXFP1 shifted further to the right compared with
when either mutation was present alone or when the L7K and
Y9M mutations were combined. Again, the H2 relaxin binding
affinity remained unchanged, suggesting that all three residues
are engaged in interactions that form the active RXFP1 confor-
mation. With the sequential mutation of each signaling residue,
the receptor becomes increasingly less able to signal as signified
by progressive decreases in either the maximum cAMP
response or both maximum cAMP response and H2 relaxin
efficacy.

Identification of Leu-7, Tyr-9, and Lys-17 needed to form the
active RXFP1 conformation reveals a signaling surface on the
LDLa module as illustrated in Fig. 10. The position of Leu-19
and Pro-20 on this surface may suggest signaling roles, but their
significant conservation across all LDLa modules is more indic-
ative of structural importance. Indeed, it is reasonable to pre-
dict that mutation of Pro with its rigid side chain could disrupt
the fold of the module. As such, Leu-19 and Pro-20 were not
further investigated.

Although the introduction of the SLGYFP and NITK regions
of RXFP1 onto the RXFP1-LB2 scaffold rescued the cAMP
response, the pEC,, value for H2 relaxin was significantly lower
in comparison with RXFP1, and the maximum response was
only 44.07 * 2.38% of the maximal cAMP response of RXFP1. It
would seem reasonable to assume that if these were the only
sites on the module involved then presentation of the key resi-
dues on the LB2 scaffold would rescue full activation. Indeed,
analysis of the NMR structure of the SLGYFP NITK-LB2 pro-
tein chimera revealed that the module retained its fold and that
Leu-7, Tyr-9, and Lys-17, the residues our loss-of-function
mutants highlighted as having the largest contribution to sig-
naling, were positioned equivalently to those in the native
RXFP1 LDLa module. It seems unlikely that the remaining
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FIGURE 10. Proposed surface of the RXFP1 LDLa module involved in
receptor activation. Mutagenesis studies confirm the importance of resi-
dues Leu-7, Tyr-9,and Lys-17.The positions of Leu-19 and Pro-20 suggest that
they could contribute to the surface; however, the conservation of these res-
idues throughout the LDLa module family suggests roles in structural
maintenance.

activity lies in other residues from the LDLa module as we have
exhaustively examined the ordered regions of the module. It is
possible that although the SLGYFP NITK chimera presents the
key signaling residues of the module well the effect of the subtle
differences within the C-terminal region (residues 21-41)
including the 3, helix between the segments cannot be dis-
counted. Such structural complexity is not unusual and has
been demonstrated previously by the interaction between ree-
lin and the first LDLa module of apoE receptor-2. Although the
key binding residues have been identified, their grafting onto
the fourth LDLa module did not rescue binding to reelin (39).

This investigation and our previous studies support the pres-
ence of key signaling residues within the N-terminal region of
the LDLa module. This is in contrast to the “binding finger-
print” of other LDLa modules from the LDLr family that bind
their ligands using a surprisingly small surface area compared
with most protein-protein interactions and utilize the acidic
residues within the C-terminal region that also contribute to
the ligation of the Ca®" ion. Examples include the structures of
the third and fourth ligand binding repeats of the LDLr in com-
plex with the receptor-associated protein whereby the Ca**-
ligating Asp residues are in contact with receptor-associated
protein (40), the structure of LA1 from apoE receptor-2 in com-
plex with reelin whose small binding interface encompasses
primarily the Ca®*-ligating residues (39), and the recent NMR
study of gentamicin binding to complement type repeat 10
from Megalin that shows ligand interactions with the Ca®"-
ligating Asp residues (41).

RXFP1 and the related RXFP2 stand out as unique and com-
plex GPCRs as they are the only mammalian GPCRs to contain
an LDLa module essential for receptor activation. The mecha-
nism of activation whereby ligand binding alone is unable to
induce an active receptor conformation but requires distinct
side chain-driven interactions involving the N-terminal LDLa
module presents a novel paradigm in GPCR signal activation.
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Based on the discovery that RXFP1 and RXFP2 form constitu-
tive homodimers (42, 43), we postulate that ligand binding at
one monomer of a dimer may position the LDLa module for
interaction with the transmembrane domain of its dimerization
partner to form the active receptor complex capable of signal-
ing (5). Although hypothetical, this model highlights the com-
plex signaling and binding mechanism of the RXFP1 receptor.
We have previously demonstrated the complexity of ligand
binding to RXFP1 and RXFP2; it requires coordination of ligand
binding to the ectodomain and the transmembrane domain.
Although we were able to fully reconstitute the binding of the
related relaxin family peptide insulin-like peptide 3 to an
RXFP1 ectodomain-only construct, we could not completely
reconstitute binding in full-length RXFP1 mutants (17). There-
fore, it is likely that our inability to reconstitute 100% of the
cAMP response within our chimeric LDLa receptors also lies
within this complexity.

Irrespective of the exact mechanism of LDLa-mediated
receptor signaling, this study has successfully identified a sig-
naling surface composed of Leu-7, Tyr-9, and Lys-17 on the
RXFP1 LDLa N-terminal region whose side chains are involved
in hydrophobic protein-protein interactions that direct the
active conformation. The unique nature of this activation
mechanism and our understanding of these key signaling resi-
dues thus present the prospect for new classes of agonists
and/or antagonists targeting RXFP1 based on the LDLa-medi-
ated activation mechanism.
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