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Intramolecular Disulfide Bonds of the Prolactin Receptor Short Form
Are Required for Its Inhibitory Action on the Function of the Long

Form of the Receptor�
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The short form (S1b) of the prolactin receptor (PRLR) silences prolactin-induced activation of gene transcription
by the PRLR long form (LF). The functional and structural contributions of two intramolecular disulfide (S-S)
bonds within the extracellular subdomain 1 (D1) of S1b to its inhibitory function on the LF were investigated.
Mutagenesis of the paired cysteines eliminated the inhibitory action of S1b. The expression of the mutated S1b
(S1bx) on the cell surface was not affected, indicating native-like folding of the receptor. The constitutive JAK2
phosphorylation observed in S1b was not present in cells expressing S1bx, and JAK2 association was disrupted.
BRET50 (BRET50 represents the relative affinity as acceptor/donor ratio required to reach half-maximal BRET
[bioluminescence resonance energy transfer] values) showed decreased LF/S1bx heterodimeric-association and
increased affinity in S1bx homodimerization, thus favoring LF homodimerization and prolactin-induced signaling.
Computer modeling based on the PRLR crystal structure showed that minor changes in the tertiary structure of D1
upon S-S bond disruption propagated to the quaternary structure of the homodimer, affecting the dimerization
interface. These changes explain the higher homodimerization affinity of S1bx and provide a structural basis for its
lack of inhibitory function. The PRLR conformation as stabilized by S-S bonds is required for the inhibitory action
of S1b on prolactin-induced LF-mediated function and JAK2 association.

The prolactin receptor (PRLR) belongs to the class I
cytokine receptor superfamily (4, 5). It binds the pituitary
hormone prolactin (PRL) with high affinity and triggers
intracellular responses that participate in diverse biological
functions in target tissues, including the mammary gland,
organs of the reproductive system, the central nervous sys-
tem, pituitary, and adrenal. At least nine variants are gen-
erated by alternative splicing of the human PRLR (hPRLR)
gene (16–18, 21, 35); they differ in the lengths and com-
positions of their cytoplasmic domains and/or extracellu-
lar (EC) domains (http://atlasgeneticsoncology.org/Genes
/PRLRID42891ch5p14.html). The full-length receptor, or
long form (LF), is composed of a ligand binding EC domain,
a single transmembrane domain, and a cytoplasmic domain
required for signal transduction (5, 20). PRL acts through
the LF to stimulate cell proliferation and differentiation.
The short forms (SFs) of the receptor, S1a and S1b, are
derived from alternative splicing of exons 10 and 11 and
contain unique cytoplasmic sequences (16). S1a is a 376-
amino-acid (aa) receptor that contains partial exon 10 se-
quences and a unique 39-aa C terminus derived from exon
11. S1b is a 288-aa variant that lacks the entire exon 10 and
contains 3 aa derived from exon 11 at the C terminus.
Unlike the LF, neither of the SF receptors can mediate

activation of the �-casein gene promoter induced by PRL,
and both SFs are inhibitory of the transcriptional activation
induced by PRL through the LF (16). S1b is more effective
than S1a in inhibiting LF actions due to its higher stability
(16). The reduced expression of S1a and S1b relative to the
LF in breast cancer tissues and cell lines, compared to
adjacent normal tissues/cells, suggests that the relatively
reduced expression of SFs in cancer could lead to gradations
of unopposed PRL-induced LF stimulatory function and
contribute to breast tumor development and progression
(28).

The initiation of signal transduction associated with mem-
bers of the cytokine receptor family depends on the interaction
of cognate ligand preformed receptor dimers (9, 13, 24, 32). In
the case of the PRLR, immunoprecipitation studies (12, 31)
and bioluminescence resonance energy transfer using coelen-
terazine (BRET1) analysis (31) demonstrated that hetero- and
homodimerization of hPRLR can occur independently of li-
gand binding. This indicated that PRL is a conformational
modifier that induces activation of the JAK2/STAT5 pathway
through the LF and possibly through other JAK2-dependent
pathways via the SFs. The dominant-negative effect of the SFs
results from their heterodimerization with the LF, with the
consequent functional inactivation due to the absence of cyto-
plasmic sequences of the dimerized LF partner (SF) required
for downstream JAK2/STAT signaling (16, 31). Compared to
the LF, S1b does not contain the conserved cytoplasmic struc-
tural motif beyond the Box-1 JAK2 docking site. In the ho-
modimerized LF, the ligand-induced activation of JAK2 phos-
phorylates the receptor, preferentially at Y580 (rat) or Y587

* Corresponding author. Mailing address: Bldg. 49, Rm. 6A-36, 49
Convent Drive, MSC 4510, NIH, Bethesda, MD 20892-4510. Phone:
(301) 496-2021. Fax: (301) 480-8010. E-mail: dufaum@mail.nih.gov.

† Y.-L.X. and S.A.H. contributed equally to this study.
� Published ahead of print on 9 March 2009.

2546



(human) in its C terminus (2, 22). This induces phosphoryla-
tion, dimerization, and nuclear translocation of STAT5, which
causes transcriptional activation of PRL-responsive genes, in-
cluding the �-casein gene (8). Alternatively, Src has been dem-
onstrated to participate in PRL-induced LF-mediated biolog-
ical function by recruiting either Fak, Erk1/2, or P13K
independently of the classic JAK2/STAT5 pathway (1, 5).
These additional pathways have been proposed to operate in
SF-mediated action in rodent species (10).

Our studies of the mutagenesis of unpaired conserved cys-
teines adjacent to and within the transmembrane region of the
PRLR (S1b) showed no significant changes in receptor homo-
or heterodimerization (31). In the present study, we evaluated
the relevance of the four conserved extracellular Cys residues
that form two intramolecular disulfide (S-S) bonds in subdo-
main 1 (D1) of the EC domain to the formation of homo-
and/or heterodimers and their relevance to the inhibitory func-
tion of the SF on the LF. These residues are known to be
crucial for ligand binding (33) and hence for PRL-induced
activation of the JAK2/STAT5 pathway through the PRLR LF
and also presumably in the hormonal activation of S1a and
S1b. These intramolecular S-S bonds might provide strong
spatial constraints for tertiary folding. Moreover, these bonds
might control the quaternary arrangement of the receptor,
affecting the formation of homo- and/or heterodimers and the
inhibitory function of the SF on the LF. We observed that
these residues are essential for maintaining the conformation
that favors SF/LF heterodimerization and are also important
for the constitutive activity of JAK2 bound to the SF. These
studies further revealed that the intramolecular S-S bonds are
relevant to the inhibitory action of the SF on the LF function.
In addition, molecular modeling of the PRLR wild type and
Cys mutants in the EC domain provides insights into the mo-
lecular mechanism by which the structure impacts homodimer/
heterodimer formation, JAK2 association, and the PRL-in-
duced PRLR action.

MATERIALS AND METHODS

Mutagenesis. hPRLR SF S1b, constructed in the mammalian expression vec-
tor phRL-CMV-luciferase (RL) (Promega, Madison, WI) (referred to as S1b-
RL) (RL, Renilla luciferase), or the yellow variant of the green fluorescent
protein (GFP)-topaz vector (pEYFP-N1; BD BioSciences, Palo Alto, CA) (re-
ferred to as S1b-Y) (Y, Aequora enhanced yellow fluorescent protein [YFP]),
described previously (31), were used as the templates to generate the mutants (x)
in the study. Point mutation of cysteine (C) to serine (S) in the EC D1 subdomain
of S1b-RL or S1b-Y was incorporated to generate S1b(C36,46S), S1b(C75,86S),
and S1b(C36,46,75,86S), referred to as the S1b4x mutant construct. They were
prepared using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La
Jolla, CA). Briefly, PCR was performed using mutagenesis grade Pfu-Turbo
DNA polymerase with oligonucleotide primers containing the required point
mutation: C36S (forward, 5�-CCT GAG ATC TTT AAA TCT CGT TCT CCC
AAT AAG G-3�; reverse, 5�-C CTT ATT GGG AGA ACG AGA TTT AAA
GAT CTC AGG-3�), C46S (forward, 5�-GA AAC ATT CAC CAG CTG GTG
GAG GCC-3�; reverse, 5�-GGC CTC CAC CAG CTG GTG AAT GTT TC-3�),
C75S (forward, 5�-CA CTC ATG CAT GAA TCT CCA GAC TAC ATA
ACC-3�; reverse, 5�-GGT TAT GTA GTC TGG AGA TTC ATG CAT GAG
TG-3�), and C86S (forward, 5�-GT GGC CCC AAC TCC AGT CAC TTT GGC
AAG CAG-3�; reverse, 5�-CTG CTT GCC AAA GTG ACT GGA GTT GGG
GCC AC-3�). The PCR product was treated with DpnI to digest the methyl-
ated parental DNA template. Newly synthesized DNAs containing mutations
were then selected for the desired mutation(s) after transformation into
XL1-Blue cells. The mutated plasmid was isolated, sequenced, and checked
for expression.

Generation of a HEK293 stable cell line expressing the LF or wild-type S1b
hPRLR. Full-length cDNA for the LF or the SF S1b of hPRLR in the pcDNA
vector (LF-pcDNA or S1b-pcDNA; 1 �g) (16), which contains the neomycin
resistance gene, was transiently transfected into HEK293 cells growing in the
presence of 10% fetal bovine serum (FBS) using Lipofectamine TM2000 reagent
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Cells were
selected by treatment with Geneticin (600 �g/ml; Invitrogen) for 2 weeks to
obtain stable transfectants. Clones were expanded and tested for LF expression
by Western blot analysis using anti-PRLR (H300) antibody (an epitope corre-
sponding to aa 323 to 622 at the C terminus of the hPRLR LF, but not in S1b)
(Santa Cruz Biotechnology, Santa Cruz, CA). Because S1b lacks the C terminus,
it is not recognized by H300 antibody. The mouse monoclonal antibody (U5)
(Affinity BioReagents, Golden, CO), which is only known to react with the EC of
the LF, weakly reacts with S1b. For this reason, S1b expression was assessed by
its functional activity (JAK2 phosphorylation) in the presence (activation) or
absence (basal) of human PRL (hPRL) (150 ng/ml; NIDDK S1AFP-B2; AFP-
1969A) after the cells were transfected with JAK2 cDNA (0.2 �g) (Homo sapiens
Janus kinase 2; Origene, Rockville, MD).

Cell culture and transfection. HEK 293 cells (American Type Culture Col-
lection, Manassas, VA) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) containing 10% FBS (Invitrogen) at 37°C in a CO2 incu-
bator and cultured in six-well dishes for the various experiments. Lipofectamine
2000 reagent (Invitrogen) was used according to the manufacturer’s instructions
in all the transient-transfection studies. In the functional characterization of the
SF dominant-negative effect, wild-type or mutated (x) (see below) hPRLR vari-
ant constructs in frame with YFP (LF-Y S1b-Y or S1bx-Y alone or in different
combinations [see the specific experimental designs]) were transiently cotrans-
fected with �-casein–luciferase reporter plasmid (0.1 �g), which contains three
repeats of the GAS motif from the �-casein promoter and the cytomegalovirus
minimal promoter subcloned into the pGL-2 basic vector (Promega) (kindly
provided by Warren Leonard, NHLBI, National Institutes of Health, Bethesda,
MD) (3) for luciferase assays or JAK2 cDNA (0.2 �g) (Homo sapiens Janus
Kinase 2; Origene, Rockville, MD) for phosphorylation analysis. The �-galacto-
sidase reporter gene (0.05 �g) was cotransfected for normalization purposes.
pEYFP-N1 (empty vector) was used for equalization of DNA transfection. Six
hours after transfection, HEK293 cells were incubated in serum-free, phenol
red-free medium with or without hPRL (150 ng/ml) for 16 h. Luciferase activity
was measured using a luciferase reagent kit (Promega) and a luminometer
(Autolumat Plus LB953; Berthold Technologies, Bad Wildbad, Germany). JAK2
phosphorylation following treatment with and without hPRL for 30 min was
determined by Western blotting.

Cell surface biotinylation. HEK293 cells (with or without a stably expressed
LF) were transiently transfected with S1b-Y or S1b4x-Y plasmids, followed by
washing with ice-cold phosphate-buffered saline (PBS), and labeled with the
biotinylation reagent Ez-Link Sulfo-NHS-LC-Biotin (Pierce Chemical, Rock-
ford, IL) for 30 min at room temperature. The biotinylated cells were washed
with PBS/100 mM glycine to quench and remove excess biotin reagent and
by-products. In a parallel group, trypsin was used to eliminate cell surface protein
by incubating cells with 0.05% trypsin for 10 min at 37°C. “Mock-treated” cells
were incubated with PBS alone. The cells were detached, washed with PBS, and
lysed in PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
sodium dodecyl sulfate (SDS) for 30 min at 4°C. After preclearing steps, the
supernatants were incubated with 50 �l of ImmunoPure immobilized streptavi-
din gel (Pierce Chemical) with rotation for 2 h at 4°C. The streptavidin-agarose
was washed three times with lysis buffer and once with PBS, resuspended in 50
�l SDS protein gel loading solution, and boiled for 10 min. Samples were
subjected to Western blot analysis using anti-GFP antibody (BD Biosciences),
antibody to the membrane protein marker N-cadherin (Santa Cruz Biotechnol-
ogy), or anti-PRLR (H300) antibody (Santa Cruz Biotechnology) for endoge-
nous LF expression in stably expressed cells.

Coimmunoprecipitation (co-IP) analysis. HEK293 cells were plated in a 75-
cm2 flask and cotransfected with JAK2 (2 �g) and S1b-Y or S1b4x-Y construct
(4 �g) (see Fig. 3A) or a combination of LF-RL, S1b-RL, S1b4x-RL, LF-Y,
S1b-Y, and S1b4x-Y constructs (3 �g) (see Fig. 2E) for 24 h in the presence of
DMEM/10% FBS. The cells were lysed using RIPA buffer (for JAK2 studies) or
50 mM HEPES buffer, 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, and 0.1
mM Na3VO3 for association studies of the PRLR forms LF and S1b wild type
and mutant S1b4x in the presence of protease inhibitor cocktail (Roche Diag-
nostics, Mannheim, Germany). After the preclearing steps, the recovered super-
natants were incubated in the presence of protease inhibitors with anti-GFP
antibody (see Fig. 3A) (BD Biosciences, Palo Alto, CA), luciferase antibody
(Invitrogen; 3 �g), or normal mouse immunoglobulin (immunoglobulin G) over-
night at 4°C on a rotary shaker. Protein G-Sepharose beads (Invitrogen) were
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added and further incubated for 1 h at 4°C with rotation. The protein G-protein
complex recovered by brief centrifugation was washed five times (three times
with lysis buffer and two times with 1� PBS). The beads were resuspended in 30
�l of SDS-polyacrylamide gel electrophoresis loading buffer and denatured by
being heated at 95°C for 10 min in the presence of 5% �-mercaptoethanol
(Sigma-Aldrich, St. Louis, MO), followed by Western blot analysis.

Western blot analysis. Twenty-four hours after transient transfection, cells
were washed twice with PBS and lysed using immunoprecipitation assay buffer
(50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% Na deoxycholate, 150 mM
NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 �g/�l aprotinin, 1
�g/�l leupeptin, 1 �g/�l pepstatin, 1 mM Na3VO3, 1 mM NaF; Upstate, Char-
lottesville, VA). The lysates were incubated on ice for 20 min and centrifuged at
13,000 � g for 10 min at 4°C. The supernatants (30 �g protein) were resolved in
7.5% SDS-polyacrylamide gel electrophoresis gels and transferred to polyvinyli-
dene difluoride membranes. After being blocked in 5% nonfat milk in PBS with
0.1% Tween 20, pH 7.6, the membranes were incubated with the appropriate
primary antibodies (1:1,000): anti-rabbit phospho-JAK2 (Tyr 1007/1008 activa-
tion loop; Cell Signaling) for assessment of JAK2 activation or anti-rabbit JAK2
(Santa Cruz Biotechnology) for determination of total JAK2 expression; anti-
GFP (monoclonal antibody; BD Biosciences) for assessment of total LF-Y,
S1b-Y, and S1b-Y mutant expression; or anti-luciferase antibody for assessment
of LF-RL, S1b-RL, and S1b4x-RL in CoIP studies (at 4°C overnight) and ex-
posed to either goat anti-rabbit or anti-mouse secondary antibodies (1:5,000) for
2 h at room temperature. Immunoreactive proteins were visualized using the
enhanced-chemiluminescence system (Pierce Chemical).

BRET analysis. HEK293 cells were plated in six-well plates and cotransfected
with wild-type and mutated PRLR variants (constructed earlier) in frame with
either phRL-CMV-luciferase (RL) (Promega) or pEYFP-N1 (Y) vector (BD
Biosciences) for BRET1 analysis (30); 0.2 �g of all the RL constructs, along with
increasing concentrations of the respective Y constructs in excess, were trans-
fected into the cells. The empty vector pEYFP-N1 for BRET1 was used for
equalization of DNA transfection (total DNA, 4 �g). Six hours after transfection,
the media were replaced with fresh DMEM containing 10% FBS. Sixteen hours
later, the cells were detached and washed with BRET buffer (Dulbecco’s PBS
with 0.9 mM CaCl2, 0.5 mM MgCl2, and 5.5 mM D-glucose). After centrifugation,
the cells were suspended in 300 �l BRET buffer, and 50 �l of cells was taken for
protein estimation using a bicinchoninic acid protein assay kit (Pierce Chemical).
Cells containing 50 �g of protein were distributed in a 96-well microplate.
Coelenterazine (BRET1 analysis) (Nanoligh Technology, Pinetop, AZ) was
added at a final concentration of 5 �M, and a reading was taken immediately for
the light emitted at between 400 and 600 nm using a Mithras LB940 (Berthold
Technologies). The BRET ratio was calculated using the following formula:
[(emission at 530 nm) � (emission at 485 nm) � Cf]/(emission at 485 nm), where
Cf corresponds to (emission at 530 nm)/(emission at 485 nm) for the LF-RL,
wild-type, or mutated S1b-RL construct transfected individually in parallel ex-
periments. The total fluorescence and luminescence were used as relative mea-
sures of the expression level of the acceptor (YFP) and donor (RL) proteins,
respectively. After the cells were distributed in 96-well microplates, the total
fluorescence of the cells was first measured using an excitation filter of 485 nm
and an emission filter of 530 nm. The same cells were kept in the dark for 18 min
with coelenterazine H incubation for the determination of RL expression as
assessed by the luminescence at 400 nm. Saturation curves were plotted with
GraphPad Prism4 software using a nonlinear regression curve assuming one-site
binding.

Molecular modeling. Langevin dynamics simulations of the EC wild-type
hPRLR and the double-pair mutant (C36/46,75/86S) monomer and their corre-
sponding homodimers were carried out. The hPRLR monomer was obtained
from the hGH-hPRLR complex (Protein Data Bank [PDB] code 1bp3); the
template for the dimers was the rat PRLR (rPRLR) dimer in the ovine prolactin-
rPRLR complex (PDB code 1f6f). The simulations were performed under am-
bient conditions at zero ionic strength, the protonation states of titratable groups
were fixed at standard values compatible with physiological pH, the N-terminal
domain absent in the crystal structure was not modeled, and both termini were
capped with acetylated and amidated groups. The screened Coulomb potential
continuum model was used to represent the electrostatic and hydrophobic effects
of the solvent (14, 15). The potential energy of the system was represented by the
CHARMM force field (version c33b1) (6), with the CMAP correction (23, 25) of
the all-atom representation (26). The simulations were extended up to 50 ns,
preceded by an equilibration phase of 1 ns. The computational setup used here
can be configured automatically (29) through the Web interface at http://www
.charmming.org. Residues 230 to 234 and 283 to 287 of hPRLR were not resolved
in the X-ray structure. These missing fragments are parts of two interacting loops
in the D1 subdomain and were modeled prior to the simulations. The three-

dimensional structure of these loops was calculated using a scaled-collective-
variables technique in Monte Carlo simulations (27). High populations of two
distinct conformations were obtained (data are available upon request), and the
conformation with the lowest effective energy was used as the initial coordinates
in the simulations. The dynamic trajectories were analyzed with the CHARMM
program and with in-house scripts.

Statistical analysis. The significance of the differences in the BRET saturation
analyses of homo- and heterodimer formation between wild-type and mutated
hPRLR variants (LF and S1b) was determined by Tukey’s multiple-comparison
test (one-way analysis of variance).

RESULTS

Functional characterization of the S1b mutant with dis-
rupted S-S bonds. To determine whether disruption of the S-S
bonds in the EC domains of the SF S1b affects its dominant-
negative effect on the PRL-stimulated JAK2/STAT5-depen-
dent transcription mediated by LF, we assessed the function of
the PRLR S1b form mutated at either the first (aa 35/46) or
second (aa 75/86) Cys-Cys pair, or both Cys-Cys pairs (S1b4x-
Y), in the D1 subdomain. The dose-dependent inhibitory ac-
tion of wild-type S1b on the �-casein promoter activation in-
duced by hPRL through the LF of hPRLR was not observed
upon cotransfection of LF with S1b with both Cys pairs mu-
tated (S1b4x) (Fig. 1A). Similarly, the dominant-negative effect
of S1b was not present upon cotransfection with either single-
pair Cys-Cys S1b mutant (Fig. 1B). In all cases where Cys
mutants were cotransfected with LF-Y, hPRL-stimulated �-
casein promoter activities were comparable to the values ob-
served in the LF-Y control group. No significant differences in
the degree of loss of inhibitory function was found among the
Cys mutant constructs examined [S1b4x-Y (Fig. 1A) and S1b
(C36,45S)-Y or (C65,86S)-Y (Fig. 1B)]. Comparable results
were observed in HEK293 cells stably expressing the LF co-
transfected with increasing amounts of the S1b or S1b4x-YFP
construct (Fig. 1D), where the inhibitory effect observed for
wild-type S1b was negated by the Cys mutation (S1b4x-Y).
Western blotting showed similar LF levels in the different
experimental groups and increasing expression levels of S1b-Y
or S1b4x-Y, depending on the amounts of the respective trans-
fected constructs observed (Fig. 1E). Using a biotin-avidin
labeling procedure, we demonstrated that S1b and its mutant
(S1b4x) were similarly expressed at the surfaces of HEK 293
cells (Fig. 1C and F).

Homo- and heterodimerization of hPRLR variants. Further
studies addressed the molecular nature of the loss of inhibitory
function of the Cys mutants. BRET saturation curves were
generated to study the formation of either hetero- or ho-
modimerization of LF-RL to S1b-Y or S1b-RL to S1b-Y com-
pared to the respective S1b mutants. The maximal BRET
(BRETmax) signals observed for LF homodimers were about
threefold higher than for LF heterodimers with S1b or S1bx
(Fig. 2A and B). BRET50 (BRET50 represents the relative
affinity as an acceptor/donor ratio required to reach half-max-
imal BRET values) values were similar for LF homodimers
and LF heterodimers with wild-type S1b (9.09 versus 8.32). In
contrast a significant increase in BRET50 was found in LF
heterodimers with S1b mutants (Fig. 2A and B). BRETmax

values were similar among S1b wild-type and single-pair Cys
mutants (C36,46S or C75,86S), with values of 0.31 to 0.36 (Fig.
2C and D). In contrast, a lower BRETmax signal of 0.195 was
observed for S1b4x, and this was reached at a lower acceptor/
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donor ratio. However, BRET50 values were similar among the
mutants (1.17 � 0.11, 2.13 � 0.16, and 2.81 � 0.12) compared
to the much higher value observed for the wild-type S1b
(6.72 � 0.45) (Fig. 2D). The S1b Cys mutants displayed higher
affinity for forming homodimers than the wild type (S1b mu-
tant BRET50, 1.17 to 2.81; S1b wild-type BRET50, 6.72) and

lower affinity for forming heterodimers with the LF than the
S1b wild type (S1b mutant BRET50, 16 to 21; S1b wild-type
BRET50, 8.32). This would favor S1bx homodimerization, im-
pairment of heterodimer formation with the LF, and, conse-
quently, an increase in the propensity of the LF to form ho-
modimers with competence to mediate PRL action through

FIG. 1. (A to C) Functional characterization of a S1b mutant lacking S-S bonds in transient-cotransfection studies. Reporter gene analyses of
�-casein–luciferase reporter gene activity in HEK293 cells transfected with a constant hPRLR LF in frame with YFP (Y) (LF-Y; 0.2 �g) with
increasing doses of DNA of either the wild-type S1b-Y or S1b4x-Y construct (at the ratio of 1:0.2- to 1-fold [A] of the LF-Y/S1b-Y or S1b4x-Y)
or a single-pair cysteine mutant [S1b (C36, 46S)-Y or S1b (C75, 86S)-Y] (1:4-fold; LF-Y:S1b mutant) (B), along with the �-casein–luciferase
reporter gene (0.1 �g). The cells were treated with 150 ng/ml hPRL for 16 h before termination. A �-galactosidase (�-Gal) plasmid (0.1 �g) was
also included in the transfection, and its activity was measured for normalization of the reporter activity. The highest DNA concentration for the
SF (either wild type or mutant) cotransfected with the LF was used in the control S1b-Y- or S1b4x-Y-only group. Empty YFP vector was used as
the control and for equalization of DNA transfection. The results were representative of at least three independent experiments (mean plus
standard error). The asterisks indicate changes stimulated by hPRL in the group compared to LF-Y with statistical significance (P � 0.01). S1b(Cn,
nS), mutation of the cysteine pair to serine occurred at the designated amino acid location in the D1 subdomain; S1b4x, Cys-to-Ser mutation at
aa 36, 46, 75, and 86 of the SF S1b. (C) Cell surface expression of wild-type S1b and S1b4x. Biotin-avidin labeling products of transiently expressed
PRLR SF (S1b and S1b4x) in HEK293 cells were analyzed by Western blotting using anti-GFP antibody to assess SF expression. The membrane
protein marker N-cadherin was used as the positive control to normalize cell surface expression. Normalized cell surface expression of S1b4x-Y
relative to S1b was 1.0 � 0.1 versus 1.14 � 0.09. Trypsin treatment was used as the negative control. (D to F) Functional characterization of the
S1b mutant lacking S-S bonds in HEK293 stably expressing hPRLR LF. HEK293 cells stably expressing the hPRLR LF were transiently transfected
with increasing doses of DNA of either wild-type S1b-Y or S1b4x-Y constructs, along with the �-casein–luciferase reporter gene (0.1 �g). The cells
were treated with 150 ng/ml hPRL for 16 h before termination. A �-galactosidase plasmid (0.1 �g) was also included in the transfection, and its
activity was measured for normalization of the reporter activity (D). Empty YFP vector was used as the control and for equalization of DNA
transfection. The results were representative of at least three independent experiments (mean plus standard error). The asterisks indicate changes
stimulated by hPRL in the group compared to LF-Y with statistical significance (P � 0.01). (E) Western analysis of endogenous LF and transfected
SF (S1b-Y or S1b4x-Y) expression. (F) Cell surface expression of wild-type S1b and S1b4x. Biotin-avidin-labeled products of transiently expressed
PRLR SF (S1b and S1b4x) in HEK293 cells stably expressing LF were analyzed by Western blotting using anti-GFP antibody to assess SF
expression. Cells stably expressing LF were used as the positive control to normalize cell surface expression. The normalized cell surface expression
of S1b4x-Y relative to S1b was 1.0 � 0.1 versus 0.82 � 0.09. Trypsin treatment was used as a negative control.
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JAK2/STAT5 downstream signaling, which in turn causes
�-casein promoter activation.

Co-IP studies comparing LF and SF (wild-type) forms re-
vealed the formation of homodimers (LF-RL/LF-Y and S1b-
RL/S1b-Y) (Fig. 2E, left, lane 2, and right, lane 8) and het-
erodimers (LF-RL/S1b-Y) (Fig. 2E, left, lane 4), as previously
described (31). In contrast, heterodimer formation in cells
transfected with LF-RL and S1b4x-Y was markedly reduced
(LF-RL/S1b4x-Y) (Fig. 2E, left, lane 6). On the other hand,

the band intensities of homodimers of S1b4x-RL/S1b4x-Y were
significantly increased compared to the wild type (S1b-RL/
S1b-Y) (Fig. 2E, right, lane 10 versus lane 8). These results are
consistent with the affinity derived from BRET analysis (Fig.
2A to D).

Effects of the Cys mutations on JAK2 phosphorylation. To
learn about the impact of the Cys mutation on JAK2 phosphor-
ylation, we initially performed analysis of its phosphorylation
status in HEK293 cells transiently transfected with the S1b wild

FIG. 2. BRET saturation curve of hetero- and homodimerization of wild-type and mutated hPRLR variants. HEK293 cells were cotransfected
with a constant LF-RL (0.2 �g) (A) or wild-type or mutated S1b-RL (0.2 �g) (C) with increasing DNA concentrations of YFP fusion construct
(LF-Y, wild-type S1b-Y, or mutant S1b-Y). In all cases, the amounts of the YFP constructs (determined by fluorescence levels) were similar at each
designated dose. The BRET ratio, total luminescence, and total fluorescence were measured 16 h after transfection. BRET levels were plotted as
a function of the ratio of the expression level of the YFP construct (quantitated by the total fluorescence of the cells) over the RL construct
(quantitated by the luminescence of the cells) (YFP/RL). This ratio was reflected as the change at the corresponding receptor expression level.
The results are representative of three independent experiments carried out in triplicate. S1b(Cn, nS), mutation of the cysteine pair to serine
occurred at the designated amino acid location; S1b4x, Cys-to-Ser mutation at aa 36, 46, 75, and 86 of the SF S1b. (B and D) Parameters derived
from a BRET saturation curve of hetero- and homodimerization of wild-type and mutated hPRLR variants (A and C). BRETmax is the maximal
BRET ratio obtained for a given pair. The results are representative of three independent experiments carried out in triplicate. Identical
superscripts indicate statistical significance between experimental groups (P � 0.01). (E) Effect of the S1b4x mutant on the formation of
homodimers and heterodimerization with LF. Shown is co-IP analysis of transfected wild-type (LF-RL, LF-Y, S1b-RL, and S1b-Y) and mutant
(S1b4x-RL and S1b4x-Y) receptors into HEK293 cells, IP with RL antibody and immunoglobulin G (IgG) (negative control), and Western blotting
(WB) with GFP or RL antibody. WB with RL antibody was used as a loading control (IP).
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type and mutant (S1b4X) (Fig. 3A, left). In the absence of
hPRL, a basal level of JAK2 phosphorylation was observed in
cells transfected only with wild-type S1b-Y but not with the
S1b4x-Y mutant. Following hPRL treatment, significant in-
creases in JAK2 phosphorylation over control were observed in
cells transfected with wild-type S1b but not with S1b4x (Fig.
3A, left). Additional studies showed that cells stably trans-
fected with S1b displayed JAK2 basal phosphorylation that was
stimulated (two- to threefold) upon exposure to PRL (Fig. 3A,
middle). Similarly, a significant amount of basal JAK2 phos-
phorylation was observed in cells stably expressing the LF
transfected with S1b (Fig. 3B, lanes 3 and 5). In contrast, JAK
phosphorylation was not present either in control cells stably
expressing LF (Fig. 3B, lane 1) or upon transfection of
S1b4x-Y (Fig. 3B, lanes 7 and 9). PRL-stimulated JAK2 phos-
phorylation was observed in the control group and in cells
transfected with S1b or S1b4x (Fig. 3B, left, upper gel, lanes 2,
4, 6, 8, and 10 from left). In the case of cells transfected with
S1b-Y (0.1 to 0.3 �g DNA), JAK2 phosphorylation induced by
PRL was significantly increased compared to that in untrans-
fected cells expressing LF (Fig. 3B, left, upper gel, lanes 4 and
6 versus lane 2, and graph). However, in cells transfected with
S1b4x-Y, the increase on JAK2 phosphorylation induced by
PRL was not different from that of the control (Fig. 3B, left,
upper gel, lanes 8 and 10 versus lane 2, and graph). Western
blots revealed a constant JAK2 and LF expression level in all
groups (Fig. 3B, left, upper gel, lanes 2 and 3, and graph).

Similar expression levels of S1b-Y and S1b4x-Y were observed
at each transfected dose (0.1 or 0.3 �g) (Fig. 3B, bottom).
Co-IP studies of cells transiently cotransfected with either
S1b-Y or S1b4x-Y with JAK2 using anti-GFP antibody fol-
lowed by Western analysis showed loss of JAK2 association
with S1b4x compared to wild-type S1b (Fig. 3A, right). Overall,
these findings indicate an effect of the Cys mutations (S1b4x)
on the conformation of the SF homo- and heterodimer with LF
that compromise the JAK2 basal phosphorylation activity and
JAK2 association observed in wild-type S1b.

Molecular modeling of wild-type and Cys-mutated EC do-
mains of PRLR. Computer simulations were carried out to
investigate the structural and dynamic properties of hPRLR
monomers and homodimers in aqueous solution and the ef-
fects of the Cys mutations at the atomic level (see Materials
and Methods). The molecular dynamics of the EC wild-type
monomer showed that the elements of secondary and tertiary
structure in the crystal structure were preserved during the
course of the simulation. The D1 and D2 domains behaved as
semirigid bodies whose relative orientations fluctuated over
time. To characterize these movements, the moments of inertia
of each spheroid subdomain were calculated as a function of
time. The angle 	 formed by the main axes of inertia of each
domain was monitored, and the results are shown in Fig. 4A.
The relative orientation between D1 and D2 changed little
with respect to that in the crystal, fluctuating around an 	 of

70° to 90° (Fig. 4A). Next, four mutations were introduced

FIG. 3. Effect of the Cys mutation on JAK2 phosphorylation. (A) (Left) HEK293 cells were cotransfected with wild-type S1b-Y or S1b4x-Y (0.2
�g) with JAK2 (0.2 �g) and incubated in the presence (�) or absence (�) of hPRL (150 ng/ml) for 0.5 h. (Middle) JAK2 phosphorylation in
HEK293 cells stably expressing S1b transfected with JAK-2 and incubated in the presence or absence of hPRL. (Right) Co-IP analysis of JAK2
association with S1b wild type and the Cys mutant. (B) (Left) HEK293 cells stably expressing LF were transiently cotransfected with JAK2 (0.2
�g) with different doses of S1b wild-type or S1b4x-Y constructs and incubated in the presence or absence of hPRL (150 ng/ml) for 0.5 h. (Right)
Levels of JAK2 phosphorylation stimulated by hPRL from three independent experiments were quantified and normalized by transiently expressed
JAK2. The values (mean plus standard error) are presented relative to LFs (1; horizontal line). *, P � 0.05. S1b4x-Y, Cys-to-Ser mutation at aa
36, 46, 75, and 86 of the wild-type SF S1b (S1b-Y). Cell extracts were analyzed by Western blot analysis using anti-phospho-JAK2 (p-JAK2) for
JAK2 phosphorylation and anti-JAK2 for transfected JAK2 expression. Anti-PRLR (H300) antibody was used for endogenous LF expression and
anti-GFP for expression of transfected S1b-Y and S1b4x-Y.
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simultaneously at positions 36, 46, 75, and 86 to study the
effects of the two S-S bonds on the structure and dynamics of
the PRLR monomer. Since comparable levels of expression at
the cell surface were observed in the wild-type and mutant
PRLR S1b, misfolding of the mutant receptor is unlikely. Thus,
the tertiary fold of the D1 subdomain is expected to be native-
like. To create an initial structure that mimicked the mutagen-
esis experiments, all four Cys residues were replaced by serine
residues. These residues have similar physicochemical charac-
teristics (polarity, electronic polarization, geometry, and vol-
ume), so the overall folding of the mutant PRLR construct was
assumed to be the same as in the wild-type PRLR (sequence
identity above 
30% usually yields reliable structures in ho-
mology modeling; in this case, the identity is 
98%). As in the
dynamics of the wild-type PRLR, the elements of secondary
structure were preserved during the simulation, although

changes in the tertiary structure were apparent. Such changes
propagated throughout the EC domain, affecting the move-
ments and relative arrangement of D1 and D2. During the
course of the simulation, both domains showed a tendency to
align to each other, with the angle 	 decreasing substantially
with respect to its value in the wild-type monomer, stabilizing
at an 	 of 
30° to 40° (Fig. 4A). Figure 4B shows the crystal
structure of the wild-type receptor and the conformations of
the wild-type and mutant monomers at the end of the 50 ns of
dynamics. These final conformations are representative of the
monomers in an aqueous environment as opposed to the crys-
tal environment (11, 34). The conformational changes ob-
served suggest that the absence of S-S bonds in the mutant
leads to a structural relaxation of D1 with respect to its native
fold, akin to a “breathing” movement, that is forbidden in the
wild-type monomer due to the constrains of the bonds. Al-
though this relaxation has no effect on the protein structural
integrity, the perturbations propagate to the D1-D2 inter-
face, leading to repositioning and more favorable relative
orientation of these subdomains. This rearrangement mod-
ifies the secondary structure of the short sequence that con-
nects D1 and D2 from an extended to �-helix turn, as shown
in Fig. 4B.

The conformations of the wild-type and mutant receptors at
the end of the simulations were subsequently assembled in
pairs to create initial models of the homodimers. The dimer-
ization interfaces in both cases were assumed to be similar to
that of the rPRLR dimer in the ovine prolactin-rPRLR com-
plex (11, 34). Therefore, the D2 domains of the wild-type and
mutant monomers were superimposed on the corresponding
domains of the rPRLR monomers. Dynamic simulations of the
dimers were carried out starting from these initial constructs to
allow the monomers to evolve toward a refined complex. Dur-
ing the dynamics of the dimers, the secondary and tertiary
structures of the monomer subdomains were preserved. The
D2 subdomains approached each other as time passed, result-
ing in tight dimer interfaces with extensive hydrogen-bonding
networks, as shown in Fig. 5A. In the initial construct based on
the rPRLR complex, only one (wild type) or two (mutant)
intermonomer H bonds were observed connecting D2s. How-
ever, during the simulations, these H bonds were not pre-
served. In particular, 13 new persistent H bonds developed
during the simulation of the wild-type dimer, as detailed in Fig.
5A, bottom. Thus, the two monomers were able to recognize
each other and adjusted their relative orientation and side
chain conformations at the interface for favorable docking.

The differences observed in the relative orientation of the
D1 and D2 subdomains in the monomers (Fig. 4B) are directly
related to specific structural differences observed in the corre-
sponding dimers (Fig. 5A and B). In the wild-type dimer, no
intermonomer H bonds were observed involving D1s, and the
dimers were stabilized only through interactions between D2s.
The quaternary arrangement left a groove between D1s suffi-
ciently accessible for ligand recognition and binding, as shown
in Fig. 5A, top. In contrast, during the dynamics, the mutant
dimer developed additional H bonds that bridged both D1s;
Fig. 5B, bottom, lists the 18 persistent H bonds observed in the
mutant dimers. These interactions further stabilize the mutant
dimer with respect to the wild-type dimer but also close and
lock the groove, making it inaccessible to the ligand (Fig. 5B,

FIG. 4. Molecular dynamics simulation of wild-type and Cys-mu-
tated EC domains of PRLR. (A) Evolution over time of the angle 	
(inset) between the principal axes of inertia of the N-terminal (D1) and
C-terminal (D2) EC subdomains of the wild-type (red line) and mutant
(black line) monomers. (B) Ribbon representation of the crystal struc-
ture of the EC domain of hPRLR (PDB code 1bp3) and of the
simulated structures of the wild-type and double-mutant monomers in
water. The paired cysteines C36 and C46 are shown in blue, and the
paired C75 and C86 are shown in red, in both the crystal and the
wild-type monomers; the corresponding serine residues of the double
mutant are shown in the same colors.
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top). These observations may explain both the higher affinity
suggested by the BRET analysis (Fig. 2) and the lack of func-
tion shown in Fig. 1 (see Discussion). It also provides a struc-
tural rationale for the lack of ligand binding to the mutant
receptor, as previously reported (33).

DISCUSSION

In this study, we have provided evidence, derived from func-
tional analysis, that the four conserved Cys residues in the D1
subdomain of the EC region of the hPRLR are essential to
preserve the dominant-negative action of the S1b SF on ligand-
induced LF-mediated STAT5-dependent transcriptional acti-
vation. These conclusions were supported by our computer
modeling, which provided insights into the effects of the S-S
bonds on the stabilization of the tertiary and quaternary struc-
ture of the receptor. Our studies have demonstrated that the
inhibitory action of wild-type S1b on the LF function was
abolished upon disruption of these S-S bonds. The lack of
inhibitory action of mutated S1b forms may result from their
higher affinity for forming homodimer association than the
wild type (Fig. 2C and D) and the significant reduction in their
affinity for forming heterodimers with the LF (Fig. 2A and B).
The observed reduction in the affinity (Fig. 2B) between LF/
S1b4x and LF/S1b was consistent with a marked reduction in
heterodimer formation revealed by co-IP studies (Fig. 2E, lane
6 versus lane 4). Moreover, the marked increase in the affinity
of the SF mutant (S1b4x-RL/S1b4x-Y) versus the wild type
(S1b-RL/Sb-Y) was also reflected in the co-IP studies (Fig. 2E,
lane 8 versus lane 10). The preference of the mutated S1b to
form homodimers rather than heterodimers contrasted with
the wild-type S1b propensity to form heterodimers with the LF.
This in turn facilitated the formation of LF homodimers com-
petent to mediate PRL-induced downstream signaling. Thus,
the EC Cys mutant lacks the inhibitory action normally ob-
served in the wild-type SF. Also, these studies demonstrated
that either of the Cys pairs (36/46 and 75/86) was important in
the heterodimerization process and for the inhibitory effect of
the SF on LF-mediated PRL action.

It is not surprising that S1b mediated JAK2 phosphorylation
activity upon PRL stimulation, since it contains a conserved
proline-rich domain at the Box-1 docking site for JAK2 asso-
ciation that is known to engage constitutively with the PRLR
LF (22). Janus kinases can trans phosphorylate themselves
and/or undergo autophosphorylation (36). It is believed that
the ligand, as the inducer of receptor aggregation or through
conformational changes of existing dimers, causes tyrosine
phosphorylation of the kinase at the activation loop and in-
creases its catalytic activity. The significant increases in JAK2
phosphorylation induced by PRL in cells stably expressing the
LF transfected with S1b (S1b versus control) reflects the ad-
ditive effect of S1b and LF over the basal level present only in
S1b (Fig. 3B). JAK2 activation associated with the SF with a
short cytoplasmic sequence could have an impact on other
potential signaling via mitogen-activated protein kinase, AKT,
or JUNK, in contrast to STAT activation resulting from cou-
pling to the additional cytoplasmic tail found in the LF. It was
interesting to observe basal levels of JAK2 phosphorylation
with S1b in the absence of PRL stimulation in cells both tran-
siently and stably expressing S1b (Fig. 3A). Since no detectable
basal JAK phosphorylation was associated with LF, it is pos-
sible that an impact of its extended cytoplasmic sequence on
the overall conformation of the Box-1 region in the LF could
prevent productive basal JAK2 phosphorylation. Thus, in the
absence of hormone it appears that the shortened length of the
cytoplasmic domain in S1b with only a breve sequence beyond

FIG. 5. Molecular models of the wild-type (A) and double-mutant
(B) EC domains of the hPRLR dimers. In the wild type, the intermo-
lecular hydrogen bond network involves only the D2 subdomains,
while both D1 and D2 subdomains are H bonded in the C36S, C46S,
C75S, and C86S mutant. Electrostatic potentials on the molecular
surfaces of the PRLR dimers are shown in the upper panels (viewed
from the EC side toward the membrane plane). In the wild type, a
groove of positive potential (blue) is flanked by two negative regions
(red); this positive crevice is occluded in the mutant receptor by the D1
subdomains that are now H bonded. The lower panel lists the corre-
sponding intermonomer H bonds of the EC domains as obtained in the
molecular dynamics simulations of the receptors. The wild-type dimer
contains 13 H-bonded pairs, involving 16 aa, with 4 aa common to both
monomers (underlined); the mutant dimer contains 18 H-bonded
pairs, involving 25 aa, with 5 aa common to both monomers (under-
lined). R1 and R2 denote the wild-type monomers; R1X and R2X
denote the mutant monomers. Many of these intermonomer H bonds
involve at least one backbone atom.
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Box-1 (8 aa identical to the LF and 3 unique aa) (16) would
favor basal JAK2 phosphorylation (at Tyr 1007/1008 in the
activation loop), presumably via auto- and/or trans phosphory-
lation. It is conceivable that the S1b association with JAK2
induces partial relaxation of the inhibition of the catalytic
domain (JH1) by the pseudokinase (JH2) to cause basal acti-
vation. Additional disruption of the inhibition upon activation
by a hormone would result in a further enhanced level (over
the basal level) of JAK2 catalytic activity (Fig. 3A) (19). This
could also apply to heterodimers, since basal JAK2 phosphor-
ylation is not present with LF homodimers in the absence of
hormone (Fig. 3B, control). Also, this may involve other asso-
ciated kinase modules, as is the case for Src kinases in the
activation of focal adhesion kinases (7). In contrast to S1b,
complete loss of basal JAK2 phosphorylation of its Cys mutant
(S1b4x-Y) was observed in transiently transfected cells. The
apparent loss of JAK2 binding to S1b4x compared to the S1b
wild type observed in the co-IP study revealed (Fig. 3A, right)
a functional link between the EC domain conformation and
the JAK2 association with its docking site at Box-1.

Wild-type S1b and the Cys mutant S1b4x were found to be
similarly expressed at the cell surface by a biotin-avidin label-
ing procedure (Fig. 1C and F). This accounted for the effect of
S1b on LF action at the cell membrane level and further
validated the relevance of intramolecular Cys-Cys residues in
the dominant-negative function of S1b on LF action. The loss
of hormone activation of JAK2 in the Cys mutant of the S1b
homodimer was expected, since these residues were found to
be required for hormone binding by the LF homodimer in a
point mutation study (33). In addition, impairment of JAK2
association with the Cys-mutated receptor demonstrated in
this study (Fig. 3A) would render the receptor unresponsive to
the hormonal stimulus. Thus, it is probable that the spatial
constraints conveyed by the S-S bonds on tertiary folding of the
PRLR, which is essential for PRL binding, would also partic-
ipate in the association/dissociation properties of dimer/
heterodimer variants and/or their productive association with
JAK2.

The molecular dynamics simulations of the EC domain of
the wild-type and of the Cys mutant monomers showed sub-
stantial conformational changes in the latter, with less bending
of D1 with respect to D2. These changes are triggered by the
structural relaxation of the native-like D1 subdomain (Fig. 4B).
In contrast, the wild-type monomer remained practically un-
changed throughout the dynamics (Fig. 4B). The simulations
were based on the X-ray structure of the EC domain of
hPRLR and rPRLR (PDB codes 1bp3 [monomer] and 1f6f
[dimer template]). The decrease in the angle between D1 and
D2 observed during the simulations implies that both domains
tend to align in the mutant monomer (	, 
30° to 40°), in
contrast to the wild type, for which the relative orientation of
the domains remained stable (	, 
70° to 90°) (Fig. 4A). The
surface area buried in the hormone-receptor interface resides
mainly in the subdomain D1 of the receptor, as suggested by
the X-ray structure of the hGH-hPRLR complex (34). The
conformational changes observed in the mutant reduce the
accessible space for a ligand to bind the dimerized receptor.
The simulations also showed that additional intermolecular H
bonds can form in the mutant homodimers: in addition to the
H bonds linking both D2 subdomains observed in the wild-type

homodimer, several other residues form H bonds between the
D1 subdomains. These additional H bonds in the mutant re-
ceptor are responsible for stabilizing the locked form of the
dimer and may serve two functional roles: (i) prevent ligand
binding to the receptor and (ii) increase the homodimer affinity
of S1b4x. Estimation of the electrostatic potential on the mo-
lecular surface shows a positive region in the wild-type dimer
interface (Fig. 5A, top) surrounded by a predominately nega-
tive potential. This electrostatic pattern could be a motif for
ligand recognition and binding, which is absent in the mutant
(Fig. 5B, top). The closure of the mutant binding site also
explains structurally, based on simple steric arguments, why
PRL may not bind to the PRLR mutant (33). Several of the
H-bonded residues located in the D2 domains of the X-ray
structure have been implicated in the formation of the recep-
tor-receptor interface of dimerization (34). It is possible, then,
that the additional H bonds observed in the mutant dimers
could enhance the dimerization process and explain the com-
paratively significantly lower BRET50 signal.

Overall, the study reported here demonstrated the relevance
of the S-S bonds of the PRLR for S1b inhibitory action on
PRL-induced LF-mediated STAT5-dependent action and for
cytoplasmic events related to JAK2 association/activity.
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