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a b s t r a c t

The Luteinizing hormone receptor (LHR) has a large extracellular domain (amino acid residues, a.a.1
e355) and a transmembrane domain (TMD; a.a. 356e699), essential for hormone binding and signaling,
respectively. The LHR hinge region (a.a. 256e355) connects the two domains and acts as an activating
switch for the receptor by an unknown mechanism. LHR hinge-specific Single chain fragment variables
(ScFv) stimulated cAMP production by the stable and transiently transfected cell lines expressing LHR in
a hormone-independent manner and the C-terminal region of LHR hinge (a.a. 313e349) was identified as
the probable epitope for one agonistic ScFv. This epitope attained a helical conformation upon agonistic
ScFv binding and the activity of the ScFv was dependent on Y331 sulfation. ScFv was also able to activate
TMD mutants, D578Y and A593P, reemphasizing the role of TM helix VI in LHR activation.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Glycoprotein Hormones (hCG/LH, FSH and TSH) elicit their
biological effects by binding specifically to their receptors, LHR,
FSHR and TSHR, respectively. These receptors belong to the family
of seven-transmembrane-helix (forming the transmembrane
domain, TMD) receptors and are characterized by a typical large,
hormone specific extracellular domain (ECD). The ECD consists of
several Leucine Rich Repeats (LRR), flanked by Cysteine-rich re-
gions at both N and C termini. The crystal structure of FSHR ECD
(amino acids 17e366) revealed that LRRs form a semicircular palm
shaped structure with the C-terminus region, designated as the
hinge region, protruding out like a thumb. The hinge region, rather
than being a separate functional unit, was found to be an integral
part of the LRR domain, having two such repeats (LRR11 and 12).
LRR 11 is connected to LRR12 through a hairpin loop (amino acids
280e344) harboring the invariant sulfated tyrosine residue (sTyr)
in YD/EY motif (Jiang et al., 2012). The heterodimeric hormones

consisting of a common a subunit and a hormone specific b subunit,
bind to the primary hormone binding site at LRR 4e6 as reported in
the FSHR-FSH co crystal (Fan and Hendrickson, 2005). This primary
binding of the hormone at LRR4-6 creates a pocket (comprising of
residues P16a, L17a, F18a, F74a, L37b, Y39b, and P45b) in the hor-
mone for secondary binding of a sTyr residue. This interaction is
proposed to initiate conformational changes in the hinge region
which further leads to FSHR activation (Jiang et al., 2012). The sTyr
residue is conserved in all three Glycoprotein Hormone Receptors
(GpHR) and has been shown to be important for hormone binding
and receptor activation (Bonomi et al., 2006; Costagliola et al.,
2002). Precise involvement of sTyr in GpHR activation is yet to be
explored. Our previous studies using hinge region specific poly-
clonal and monoclonal antibodies unequivocally established the
role of the hinge region in FSHR and TSHR activation (Agrawal and
Dighe, 2009; Majumdar and Dighe, 2012). However, its function in
LHR activation has not been conclusively established. Due to un-
availability of the structural information of LHR ECD/hinge, it is
more difficult to study and explain the role of the hinge region in
LHR activation. Hormone-independent signaling by point mutants
in the LHR also remains poorly understood. The present study* Corresponding author.
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focuses on elucidating structural and functional features of the LHR
hinge region and deducing the possible role of sTyr in LHR activa-
tion. Previous studies from this laboratory have demonstrated the
utility of antibodies against various regions of the receptors and
their hormones in elucidating the GpHR activation mechanism
(Agrawal and Dighe, 2009; Gadkari et al., 2007; Majumdar and
Dighe, 2012; Majumdar et al., 2012a, 2012b). With an advent in
antibody engineering, the variable portion of monoclonals in the
form of Single chain fragment variables (ScFvs) or Fragment vari-
ables are proving to be promising tools to study the structural
biology and function of membrane bound receptors (Day et al.,
2007; Griffin and Lawson, 2011; Hino et al., 2013; Lawson, 2012;
Rasmussen et al., 2011). The ScFvs are produced by joining the
variable portions of the antibodies by serineeglycine linkers which
retain the antigen binding properties. In this study, ScFvs against
the hinge region of LHR have been used to investigate the activation
mechanism of LHR.

2. Materials and methods

2.1. Ligands, receptors and receptor fragment

2.1.1. Hormones
The highly purified hormones, hCG, hFSH and hTSH, used in this

study were obtained from the National Hormone and Pituitary
Program (NHPP), Harbor UCLA Medical Centre, USA. The recombi-
nant hCG produced and characterized in the laboratory was also
used in this study (Gadkari et al., 2003).

2.1.2. Receptor fragment
The hinge region of the hLHR (amino acids 256e355) was

expressed as a His-tag protein using pRSETa vector and the protein
was purified from the inclusion bodies under denaturing condi-
tions (8 M urea) using Niþ2 affinity chromatography and renatured
by sequential dialysis against a series of reduced urea concentra-
tions and finally against 20 mM Na phosphate buffer, pH 7.4 as
described earlier (Majumdar et al., 2012a).

2.1.3. Single chain fragment variables (ScFv) libraries
The human ScFv Phage display libraries (Tomlinson Iþ J) used in

this study were kind gifts from the Medical Research Council
(MRC), UK and the ScFvs specific for the hinge region of LHR were
isolated as described briefly in the Supplementary Information (Lee
et al., 2010; Majumdar et al., 2011).

2.1.4. Receptor antibodies
Polyclonal antisera specific for various fragments of LHR and

TSHR; LRR 1e6 (51e197), LRR 7-hinge (197e355), hinge (265e355),
characterized previously, (Railkar and Dighe, unpublished data)
were employed as tools to investigate the surface expression of
various constructs used in the study. Another antiserum (ECL a/s)
raised against a computationally designed mimic of the GpHR
transmembrane domain (Majumdar et al., 2012b), was also used for
the similar purpose.

2.1.5. Wild-type and mutant LH receptors
The full-length wild-type LHR was a kind gift from Dr. Prema

Narayan and Dr. David Puett, University of Georgia, USA. A stable
cell line expressing hLHR (HEK293-hLHR) was established earlier
(Roy and Dighe, unpublished data).

TSHR-LHR 6 (Nagayama and Rapoport, 1992), 6A1 (Mizutori
et al., 2009) and TSHR-LHR hinge chimeric mutants (Nagayama
and Rapoport, 1992) were kind gifts from Prof. Rapoport, UCLA,
USA. YEY motif mutants, FEY, FEF and YEF (Bonomi et al., 2006),
were kind gifts of Prof. Costagliola, Brussels, Belgium. A593P

(Martens et al., 1998) was a kind gift from Prof. A.P.N. Themmen,
EUR, Netherlands. S277Q and D578Y were generated previously by
site directed mutagenesis (Majumdar et al., 2012a,b).

Different mutants of LHR were transiently transfected in CHO
cell line and the transgene expression studies were carried out 48 h
later. Expression of the receptors was demonstrated by flow
cytometry using different LHR and TSHR specific antisera. Binding
of ScFvs and their epitope mapping was also analyzed by flow
cytometric method. Antibody binding, represented as Median
Fluorescence Intensity (MFI), was normalized to normal rabbit
serum (NRS) or a control ScFv and denoted as relative MFI (RMFI).
Both methods have been briefly described in the supplementary
information. In all experiments, parallel plates were transfected
simultaneously to determine ligand binding to the intact cells,
expression study and cAMP production as described below.

2.2. Hormone binding assays

Specific binding of 125I-hCG to the LHR/mutant receptor
expressing CHO cells was estimated by thewell establishedmethod
described in the supplementary information.

Ability of various ScFvs to influence binding of 125I-hCG to the
receptors was investigated by pre-incubating the particulate re-
ceptor membrane preparations with the individual ScFvs followed
by addition of 125I-hCG andmeasuring its binding. The binding data
obtained from the displacement analysis were converted to the
Scatchard plots (Agrawal and Dighe, 2009; Gadkari et al., 2007;
Majumdar and Dighe, 2012).

2.3. In vitro bioassay and cAMP quantification

HEK293-hLHR cells or transiently transfected CHO cells were
treated with different concentrations of ScFvs or hCG and the cAMP
produced was measured by an established protocol, briefed in
supplementary information (Agrawal and Dighe, 2009; Kene et al.,
2004; Majumdar and Dighe, 2012).

2.4. Circular dichroism of LHR hinge region

Circular dichroism (CD) spectra of the purified hLHR hinge re-
gion protein were recorded between 195 and 280 nm using Jasco
J810 Polarimeter at protein concentrations of 10 or 20 mM (data not
shown for the latter) at 25 �C in water, with the scan set to 1 nM
wavelength pitch, 50 nm/min scanning speed in continuous mode
and 3 accumulations per measurement. The protein was allowed to
interact with 15 mM or 30 mM LHR hinge-specific ScFv JE10, (data
shown for the latter concentration). HingeeScFv complex spectra
were obtained from 0 to 45 min of incubation. The same protocol
was followed for JE4 and a previously characterized ScFv, 13B1,
specific for the LHR LRR 7-hinge region (Majumdar et al., 2012a).
The ellipticity values for each ScFv were measured and deducted
from those of the respective hinge-ScFv complex values. The
calculated ellipticity values (calc) thus represented the effect of
each ScFv on the secondary structure of the hinge protein. The
ellipticity values were converted into mean residue ellipticity
(MRE). To ascertain the inherent ability of the hinge protein to
attain conformational stability, the CD spectrum was obtained for
the hinge protein in the presence of 1, 2, 3, and 4% of Tri-
fluoroethanol (TFE), a widely used solvent for studying protein
folding.

2.5. LHR hinge homology modeling

A protein BLAST search (Altschul et al., 1990) was performed
against the Protein Data Bank to identify templates for modeling
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