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ABSTRACT: Hormone binding creates active receptor dimers
for class 1 cytokine receptors; however, the detailed molecular
mechanism by which these receptors are activated by their
ligands is not well characterized, and it is unknown if these
receptors share common mechanisms. A rotation model has
been proposed for the activation of human erythropoietin
receptor and human growth hormone receptor and is supported
by evidence showing that additions of alanine at the junction of
the transmembrane (TM) and intracellular (IC) domains and/
or within the TM domain influenced receptor activities. This
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evidence suggests that alanine additions changed the relative orientations of the IC domains and their subsequent activation. We
wished to determine if a similar mechanism was at play with human prolactin receptor (hPRLr). Up to four alanines were added
between the TM and either the IC or extracellular (EC) domains to extend the TM helix and to rotate the IC or EC domains. Also,
up to four glycines were placed between the TM and IC domains to provide increased flexibility between these two domains. Wild-
type hPRLr or various mutant receptors were expressed in human embryonic kidney 293T cells that express endogenous Janus
kinase 2. In the absence of human prolactin (hPRL), none of the alanine or glycine additions increased the level of receptor
phosphorylation above that of wild-type hPRLr. In the presence of hPRL, both wild-type hPRLr and each of the mutant receptors
were successfully phosphorylated. These data do not support a rotation mechanism for hPRLr activation or a requirement of a fixed
spatial relationship between the TM and IC domains for hPRLr activation. In a second set of experiments, both wild-type hPRLr and
either alanine- or glycine-extended receptors were coexpressed in 293T cells. In the absence of hPRL, there was no detectable
phosphorylation of hPRLr. Such data do not support a piston movement between the hPRLr pair in their activation.

he human prolactin receptor (hPRLr) is a member of the
Tclass 1 cytokine receptor family and shares many similar
structural features with other members of this family such as
growth hormone receptor (GHr) and erythropoietin receptor
(EPOr)."? These structural features include a ligand-binding
extracellular (EC) domain that is composed of two [5-sheet
subdomains (S1 and S2), a single-pass 0t-helical transmembrane
(TM) domain, and a structurally uncharacterized intracellular
(IC) domain. Ligand-bound PRLr dimers are associated with
receptor activation.”* The JAK2/STATS pathway is the princi-
ple signaling pathway activated when ligand binds to hPRLr.>>°
The IC domain of hPRLr is devoid of intrinsic enzymatic
activity,”® like other members of the cytokine receptor family.
The hormonal signal is transmitted within the cell via Janus
kinase 2 (JAK2)’ ' constitutively associated with the highly
conserved proline-rich Box 1 motif in the membrane proximal
region of the hPRLr IC domain."”””'* When ligand binds to
hPRLr, JAK2 phosphorylates tyrosine residues in the hPRLr IC
domain, which serve as docking sites for signal transducer and
activator of transcription 5 (STATS)."'¢ After being recruited
to the hPRLr—JAK2 complex, STATS is also phosphory-
lated by JAK2 and then dissociates from the complex, forming
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homodimers that translocate to the nucleus, where they activate
the transcription of several genes involved in proliferation and
lactation by binding to specific DNA sequences.”>°

The proteins capable of activating hPRLr were identified a
number of years ago and include hPRL, hGH, human placental
lactogen (hPL), and several bivalent monoclonal antibodies,”"”
but the mechanism by which lactogenic hormones activate this
cascade of molecular interactions through receptor binding is
poorly described. Previous studies indicate that ligand-induced
receptor dimerization is associated with and necessary for rece-
ptor activation of class 1 cytokine receptors such as hPRLr.>*"®
More recently, receptor dimers in the absence of ligand have
been found for many class 1 cytokine receptors."”” ** Some
studies indicate that the helical TM domain forms the interface
necessary for ligand-independent receptor dimerization,”>****
but the role of these ligand-independent dimers is unclear: are
they dormant and waiting to be activated by ligand, are they the
inactive form of the receptor and acting as decoys for inhibitors
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and/or phosphatases, or are they remnants of the activation
process and waiting to be removed by a ubiquitin-mediated
mechanism??>?° Furthermore, although several recent publica-
tions have documented the presence of dimeric hPRLr in the
absence of lactogenic hormones,”>** monomeric receptors form
the majority of receptors as provided by Western analysis.” It is
unclear if ligand-independent hPRLr dimers are the species
activated by ligand binding, if only monomeric receptors are
able to be bound and activated by hPRL, or if both mechanisms
are available for activation, although it has been argued that the
speed of hPRLr activation indicates that preformed dimers are
the form to be activated.””

Three mechanistic models have been suggested for class 1
cytokine receptor activation. The first model is the scissor model
and was proposed on the basis of structural studies of hEPOr.*®
X-ray studies of hEPOr EC domains showed a pronounced
scissor-like reorientation of these domains upon ligand binding.
In the absence of ligand, the C-termini of the EC domains were
separated by a greater distance than when ligand was present.
This observation was interpreted to indicate that preformed
receptor dimers held the IC domains at a sufficient distance to
preclude JAK2-mediated phosphorylation while ligand binding
brought the IC domains into sufficient proximity to allow
phosphorylation. In addition, these structures demonstrated that
under the conditions for crystal formation the EC domains were
sufficient for dimer formation. However, this interaction between
the EC domains has not been further defined under physiological
conditions. Similar data supporting the scissor model have not
been presented for either hGHr or hPRLr.

The second model is the piston model and was suggested by
structural studies of two hGHr EC domains bound by hGH.>* !
The C-termini of the hGHr EC domains were offset from each
other in relation to an assumed plane of the plasma membrane.
This offset suggests that hGH binding may produce a piston-like
movement in which the two receptors in the hGH-bound dimer
would be afloat in the membrane at different heights. This model
assumes that the piston action of the EC domains influences the
relative positions of the IC domains and is responsible for the
availability of receptor-associated JAK2 for phosphorylation. The
most recent structure of hPRL bound to two hPRLr EC domains
supports such a mechanism by showing a similar offset of the
C-termini of the hPRLr EC domains.>” Unfortunately, there are
no structure data for dimeric hPRLr in the absence of ligand.
Thus, whether the piston action results from hPRL binding or is
present in the ligand-independent hPRLr dimerization cannot be
determined.

The third and most recent model for receptor activation is the
rotation model. This model proposes a ligand binding-induced
rotation of the receptors around an axis perpendicular to the
assumed plane of the plasma membrane that moves the receptor-
associated JAK2 into the positions where it auto- and/or
transphosphorylates JAK2, the receptor IC domain tyrosines,
and subsequently other proteins that bind the phosphorylated
receptors via the SH2 domain. The first work suggesting a
rotation movement was conducted with hEPOr® where selected
alanine additions at the TM domain—IC domain junction or
within the TM domain impaired the ligand-induced activity of
hEPOr in vivo. On the basis of alanine’s strong helix-forming
character,* it was proposed that alanine additions extended the
TM helix and induced incremental rotations of approximately
100° in the IC domain relative to the TM helix and that the
relative and precise rotations of the two IC domains in the hEPOr

dimer were the key step in activation.” This model requires an
association between the TM domains®® that in the absence of
ligand anchors the receptor dimers in an inactive (“off”) con-
formation. Further, receptor activation requires breaking the
off conformer held by the TM—TM association and rotation of
the IC domains upon ligand binding to the EC domains. The
energy required to break the TM—TM association would most
likely be harvested from ligand—receptor binding. In addition, it
is critical to note that this model also must require a rigid
connection between the TM and IC domains.*® In the absence
of ligand, this rigid connection locks the IC domains in an off
conformer defined by the TM—TM association. In the presence
of ligand, this rigid connection transmits the conformational
change (e.g, a rotation movement) caused by ligand binding
from the EC domain to the IC domain. More recently, this model
has been extended to hGHr*>*® where specific alanine additions
at or near the junction of the TM and IC domains activated hGHr
in the absence of hGH. Further, the investigators in this study
also demonstrated a rigid structural connection between the TM
helix and the Box 1 region.”

Specific physical models for the activation of hPRLr have not
yet been proposed by similar studies. In this study, we used site-
directed mutagenesis to create hPRLr mutants with various
amino acid additions at the junctions of the TM helix with either
the EC or IC domain. The addition of these residues extended
the length of the TM helix, rotated either the EC or IC domain
relative to the TM helix, or disrupted the fixed spatial relationship
between the IC domain and the TM helix. Using these ap-
proaches, we investigated the relationship between the spatial
orientations of these domains and hPRLr activation by ligand
binding. The results presented here demonstrate that altering the
physical relationships among the EC, TM, and IC domains by
adding either alanines or glycines at or near domain junctions
does not affect the formation of hPRLr dimers, does not induce
constitutive activity, and does not influence ligand-mediated
activation.

B MATERIALS AND METHODS

Construction of the Eukaryotic Expression Vector for Full-
Length hPRLr. The full-length hPRLr coding region was ampli-
fied from pBluescriptR-hPRLr (Open Biosystems, Huntsville,
AL)* by polymerase chain reaction (PCR) using the following
primers: forward, S-GCCAACATGAAGGAAAATGTGGC-3';
and reverse, S-GTGAAAGGAGTGTGTAAAACATGCG-3'.
These primers yielded the coding region of full-length hPRLr
containing the signal sequence but no stop codon. This PCR
product was inserted into pcDNA6.2/C-YEP-GW/TOPO
(Invitrogen, Carlsbad, CA) by the TOPO reaction, which
resulted in a hPRLr—YFP gene fusion. The YFP gene was
subsequently removed between the Hpal and Pmel restriction
sites. Subsequently, two consecutive stop codons were added in
frame immediately after the 3’ end of the full-length hPRLr
coding region by site-directed mutagenesis (see below). The
presence of the desired coding sequence was confirmed by
diagnostic restriction enzyme digestion and DNA sequencing.
Preparations of the hPRLr plasmid were prepared and stored in
water. DNA concentrations were determined by 260 nm
absorption.

Site-Directed Mutagenesis. Single or multiple amino acids were
added to the coding sequence of hPRLr using to the QuikChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) using the
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Table 1. Primers for Site-Directed Mutagenesis

mutagenesis site amino acid(s) inserted

primer (nucleotide insertions underlined)

between G236 and Y237 +1A forward, 5'-GTG GCT TTG AAG GGC GCT TAT AGC ATG GTG ACC-3’
reverse, 5'-GGT CAC CAT GCT ATA AGC GCC CTT CAA AGC CAC-3'
+2A forward, 5'-GTG GCT TTG AAG GGC GCT GCC TAT AGC ATG GTG ACC-3’
reverse, 5'-GGT CAC CAT GCT ATA GGC AGC GCC CTT CAA AGC CAC-3
+3A forward, 5-GTG GCT TTG AAG GGC GCT GCC GCT TAT AGC ATG GTG ACC-3'
reverse, 5'-GGT CAC CAT GCT ATA AGC GGC AGC GCC CTT CAA AGC CAC-3’
+4A forward, 5-GTG GCT TTG AAG GGC GCT GCC GCT GCC TAT AGC ATG GTG ACC-3
reverse, 5'-GGT CAC CAT GCT ATA GGC AGC GGC AGC GCC CTT CAA AGC CAC-3
between 1234 and K235 +1A forward, 5'-C TGG GCA GTG GCT TTG GCT AAG GGC TAT AGC ATG-3
reverse, 5'-CAT GCT ATA GCC CTT AGC CAA AGC CAC TGC CCA G-3’
+2A forward, 5'-C TGG GCA GTG GCT TTG GCT GCC AAG GGC TAT AGC ATG-3
reverse, 5'-CAT GCT ATA GCC CTT GGC AGC CAA AGC CAC TGC CCA G-3’
+3A forward, 5'-C TGG GCA GTG GCT TTG GCT GCC GCT AAG GGC TAT AGC ATG-3’
reverse, 5'-CAT GCT ATA GCC CTT AGC GGC AGC CAA AGC CAC TGC CCA G-3'
+4A forward, 5'-C TGG GCA GTG GCT TTG GCT GCC GCT GCC AAG GGC TAT AGC ATG-3
reverse, 5'-CAT GCT ATA GCC CTT GGC AGC GGC AGC CAA AGC CAC TGC CCA G-3/
between D210 and T211 +1A forward, 5-GAC TTC ACC ATG AAT GAT GCT ACA ACC GTG TGG ATC-3’
reverse, 5'-GAT CCA CAC GGT TGT AGC ATC ATT CAT GGT GAA GTC-3’
+2A forward, 5-GAC TTC ACC ATG AAT GAT GCT GCC ACA ACC GTG TGG ATC-3'
reverse, S’-GAT CCA CAC GGT TGT GGC AGC ATC ATT CAT GGT GAA GTC-3/
+3A forward, 5-GAC TTC ACC ATG AAT GAT GCT GCC GCT ACA ACC GTG TGG ATC-3
reverse, 5'-GAT CCA CAC GGT TGT AGC GGC AGC ATC ATT CAT GGT GAA GTC-3
+4A forward, 5-GAC TTC ACC ATG AAT GAT GCT GCC GCT GCC ACA ACC GTG TGG ATC-3’
reverse, 5'-GAT CCA CAC GGT TGT GGC AGC GGC AGC ATC ATT CAT GGT GAA GTC-3’
between G236 and Y237 +1G forward, 5'-GTG GCT TTG AAG GGC GGA TAT AGC ATG GTG ACC-3’
reverse, 5'-GGT CAC CAT GCT ATA TCC GCC CTT CAA AGC CAC-3’
+2G forward, 5-GTG GCT TTG AAG GGC GGA GGC TAT AGC ATG GTG ACC-3'
reverse, 5'-GGT CAC CAT GCT ATA GCC TCC GCC CTT CAA AGC CAC-3'
+3G forward, 5-GTG GCT TTG AAG GGC GGA GGC GGA TAT AGC ATG GTG ACC-3’
reverse, S'-GGT CAC CAT GCT ATA TCC GCC TCC GCC CTT CAA AGC CAC-3
+4G forward, 5'-GTG GCT TTG AAG GGC GGA GGC GGA GGC TAT AGC ATG GTG ACC-3’

reverse, S-GGT CAC CAT GCT ATA GCC TCC GCC TCC GCC CTT CAA AGC CAC-3'

pcDNAG.2-hPRLr eukaryotic expression vector whose preparation
was characterized above. Forward and complementary reverse
primers are listed in Table 1. The expected mutations were verified
by DNA sequencing.

Cell Culture and Transfection. Human embryonic kidney
293T cells®” were obtained from M. D. Lairmore’s laboratory
(Department of Veterinary Biosciences, The Ohio State Uni-
versity) and maintained in DMEM (Invitrogen) with 10% FBS
(Thermo Fisher Scientific, Waltham, MA), 2 mM L-glutamine
(Invitrogen), and antibiotics and cultured in a $% CO, incubator
at 37 °C. We demonstrated by reverse transcription PCR (RT-
PCR) that 293T cells constitutively express JAK2 but not
endogenous hPRLr (see the Supporting Information). Variant
hPRLr expression constructs were transfected into 293T cells
following the protocol described for TransIT-LT1 transfection
reagent (Mirus, Madison, WI). In the cases of cotransfection
experiments, the two plasmids were used at a 1:1 ratio, and the
total amount of DNA was equal to that used in the single
transfection. Twenty-four hours after transfection, 293T cells
were switched to DMEM/F-12 (Invitrogen) starvation medium
with no FBS and incubated for an additional 24 h. For the
hPRL-activated samples, starved cells were then treated with
100 nM hPRL (expressed and purified in our lab),*® a hormone

concentration 0previously shown to induce rapid hPRLr acti-
vation,">'****® 4t 37 °C for 15 min immediately prior to solu-
bilization and whole cell extract collection.
Immunoprecipitation (IP) and Western Blot (WB) Analysis.
Transfected hPRL-treated and nontreated 293T cells were solu-
bilized in RIPA buffer [SO mM Tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 1% sodium deoxycholate, and 1% NP-40] contain-
ing protease inhibitor cocktail Set III (EMD Chemicals, Gibbs-
town, NJ), and phosphatase inhibitor cocktail Set II (EMD
Chemicals). Insoluble material was removed by centrifugation at
17900g and 4 °C for 10 min. The protein concentration in the
whole cell extract was determined using the Bio-Rad Protein Assay
(Bio-Rad, Hercules, CA);*' 250 ug of whole cell extract was
incubated with 1.5 ug of rabbit polyclonal anti-hPRLr antibody
H-300 (Santa Cruz Biotechnology, Santa Cruz, CA), which
recognizes the IC domain of hPRLr, at 4 °C overnight. The
immune complexes were collected on Protein A agarose
(Invitrogen) after incubation at 4 °C for 1 h. The immunopreci-
pitates were resuspended in either reducing or nonreducing
sodium dodecyl sulfate-containing electrophoresis loading buffer
and boiled for 10 min. Proteins were resolved by electrophoresis
on precast 4 to 15% polyacrylamide gels (Bio-Rad) and transferred
to a nitrocellulose membrane (GE Healthcare, Piscataway, NJ) at

5335 dx.doi.org/10.1021/bi101931u |Biochemistry 2011, 50, 5333-5344



Biochemistry

Box 1 IC

KG YSMVTC | IFPPVPGPK | IKGFD...... |

211+1~4A

\ )}¢

235+1~4A 237+1~4A
237+1~4G

Figure 1. Schematic representation of wild-type hPRLr and variant insertion mutants. The transmembrane (TM) helix sequence and JAK2 binding Box
1 sequence are shown in bold. The amino acid number does not include the N-terminal signal sequence of 24 amino acids. Up to four alanine residues
were inserted at various positions, between 1234 and K235 (235+1—4A), between G236 and Y237 (237+1—4A), and between D210 and T211
(21141—4A), to rotate the IC domain, the Box 1 region, and the EC domain, respectively. Up to four glycine residues were inserted between G236 and
Y237 (237+1—4G) to disrupt the fixed relationship between the TM helix and the IC domain.

100 V and 4 °C for 90 min. Blots were blocked with 5% nonfat dry
milk in TBST [10 mM Tris (pH 8.0), 150 mM NaCl, and 0.1%
Tween-20] and then probed with appropriate dilutions of primary
antibodies: mouse monoclonal anti-hPRLr EC domain antibody
1A2B1 (Invitrogen) ata 1:500 dilution or mouse monoclonal anti-
phosphotyrosine antibody 4G10 (Millipore, Billerica, MA) at a
1:1000 dilution. The immune-complexed blots were subse-
quently treated with HRP-linked sheep anti-mouse antibody
(GE Healthcare) at a 1:2000 dilution. Visualization of the HRP-
bound hPRLr immune complexes was performed using ECL
detection reagents (GE Healthcare), followed by exposure to
high-performance chemiluminescence film (GE Healthcare). Data
are representative of three independent experiments.

B RESULTS

Rationale for the Design of hPRLr Mutants. In hGHr and
hEPOr systems, incremental additions of alanine residues at or
near the junction between the TM and IC domains have been
employed to determine the mechanisms for receptor
activation.””** These alanine additions are believed to both
lengthen the TM helices and rotate the IC domains relative to
each other in receptor dimers because of the rigid linkage between
the TM and IC domains.”>** Each additional alanine residue will
lengthen the TM helix by approximately 1.5 A and rotate the IC
domain by approximately 100°. Constitutive ligand-independent
activity of hGHr has been detected only with certain numbers of
alanines inserted.”* Therefore, the orientations of the IC domains
in these rotated receptors are believed to mimic the “on” receptor
conformer. On the basis of this evidence, a rotation model for
receptor activation has been proposed.””** Because of the
structural and functional similarities between hPRLr and hGHr,'?
the possibility of a rotation mechanism for hPRLr activation was
investigated in this study. Up to four alanine residues were
inserted at the cytoplasmic end of the TM helix (Figure 1),
specifically between leucine 234 and lysine 235 (235+1—4A), to
rotate the IC domain relative to the TM helix. This set of alanine
insertions is similar to what was introduced into hGHr, where up
to four alanines were introduced between the last hydrophobic
residue of the hGHr TM helix (F269) and the first hydrophilic
residue of the hGHr IC domain ($270).>* Another set of alanine
insertions was placed above the JAK2-binding Box 1 region in the
IC domain (Figure 1), between glycine 236 and tyrosine 237
(237+1—4A). Adding alanines at this position (six residues
upstream from Box 1) is slightly different from adding them at
the position tested in hGHr or hEPOr (five residues upstream
from Box 1).>*** hPRLr shares little sequence homology with
hGHr or hEPOr in this region. Alanine insertions adjacent to
G236 allow our results to be comparable with those for glycine
insertions described below and also will not interrupt the small

conserved hydrophobic motif immediately preceding Box 1. In
addition, a third set of alanine insertions was introduced at the
extracellular end of the TM helix (Figure 1), between aspartic acid
210 and threonine 211 (211+1—4A), to rotate the EC domain
relative to the TM helix because the interaction between the TM
helices has been reported to hold the two receptors as a ligand-
independent dimer.”* Alanine insertions at similar positions have
not been examined in either hGHr or hEPOr. Lastly, up to four
glycine residues were inserted above the IC domain (Figure 1),
between glycine 236 and tyrosine 237 (2374 1—4G). These glycine
insertions were placed adjacent to the wild-type G236 and function
as an extended flexible hinge that increases the degree of structural
freedom of the IC domain relative to the TM helix, therefore
releasing the specific orientation of the two IC domains in a ligand-
independent hPRLr dimer. We tested each of these receptors for
constitutive activity and for hPRL-induced tyrosine phosphoryla-
tion of hPRLr, a proximal end point of receptor activation.

hPRLr Mutants Form Ligand-Independent Homodimers
Similar to Wild-Type hPRLr. The different hPRLr mutants
described above were transiently expressed in 293T cells. IP
and WB results showed that these mutants were expressed at a
level similar to that of wild-type hPRLr (Figure 2, top panels).
Further, the formation of ligand-independent dimers in these
hPRLr mutants, as well as the relative ratio of monomer to dimer,
was similar to that in wild-type hPRL, as indicated in nonredu-
cing gels (Figure 2, bottom panels). These results confirmed that
the insertions of alanine or glycine residues at various positions
do not affect the expression or dimerization of hPRLr.

Rotation of the IC or EC Domain Relative to the TM Helix of
the hPRL Receptor Does Not Provide Constitutive Activity
But Retains Prolactin-induced Activation. To determine
whether a rotation mechanism is at play for the activation of
hPRLr, between one and four alanines were introduced following
leucine 234. These mutants or wild-type hPRLr were transiently
expressed in 293T cells, which also express endogenous JAK2
kinase. hPRLr expression and phosphorylation were analyzed by
IP and WB following serum starvation for 24 h and treatment for
1S5 min with either 100 nM hPRL or control medium. Both wild-
type and 235+1—4A hPRLrs were expressed in 293T cells at
similar levels (Figure 3A, top panel). In the absence of hPRL, none
of the hPRLr alanine insertion mutants exhibited significantly
higher tyrosine phosphorylation levels than the background ob-
served with wild-type hPRLr (Figure 3A, bottom panel). Thus,
rotation of the IC domain relative to the TM helix did not induce
constitutive hPRLr activity. Moreover, each of these mutants was
activated by hPRL treatment, as evidenced by enhanced hPRLr
tyrosine phosphorylation, comparable to that observed for hPRL-
activated wild-type hPRLr (Figure 3A, bottom panel). The func-
tional potential of hPRLr was not impaired by the IC domain
rotation mediated by alanine addition.
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Figure 2. Wild-type and mutant hPRLr form both monomers and ligand-independent homodimers. 293T cells were transiently transfected with wild-
type hPRLr (WT) or various insertion mutants (see below) and incubated in the absence of hPRL. hPRLr monomers and dimers were detected by
Western blot on reducing gels (top) and nonreducing gels (bottom) using anti-hPRLr EC domain antibody 1A2B1 after IP with anti-hPRLr IC domain
antibody H-300. Mock transfections were included as negative controls (lane 1 in panels A and B). (A) WT hPRLr and hPRLr mutants with up to four
alanine residues inserted between D210 and T211 (211+1—4A, lanes 3—6) or between 1234 and K235 (235+1—4A, lanes 7—10). (B) WT hPRLr and
hPRLr mutants with up to four alanine (237-+1—4A, lanes 3—6) or glycine (237+1—4G, lanes 7—10) residues inserted between G236 and Y237.

Because it is commonly accepted that it is JAK2 that phos- to a similar experiment conducted in hGHr,* no constitutive
phorylates tyrosine residues in the IC domain of hPRLr, we activity was observed in any of these hPRLr mutants in the
investigated whether rotation of the Box 1 region where JAK2 absence of ligand (Figure 3B). In addition, these mutants
binds is involved in receptor activation. A second set of alanine retained the capability of being activated by hPRL, although that

residues was inserted after glycine 236 above Box 1. In contrast capability was weakened by 2—4-fold (Figure 3B). Therefore,
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Figure 3. Rotation of hPRLr domains relative to the TM helix does not provide constitutive activity or impair the ligand-induced activity. 293T cells
were transiently transfected with wild-type hPRLr (WT) or various alanine insertion mutants (see below) and not treated or treated with hPRL
(100 nM) for 15 min. Tyrosine phosphorylation in hPRLr was analyzed by Western blot using phosphotyrosine antibody 4G10 after IP with anti-hPRLr
IC domain antibody H-300. Mock transfections were included as negative controls (lanes 1 and 2 in panels A—C). Top panels show blotting with anti-
hPRLr EC domain antibody 1A2B1 for hPRLr total expression. Bottom panels show blotting with anti-phosphotyrosine antibody 4G10 for hPRLr
activation. (A) Up to four alanine residues were introduced between L234 and K235. Rotation of the IC domain relative to the TM helix did not result in
constitutive activity of hPRLr or impair hPRL-induced activity. (B) Up to four alanine residues were introduced between G236 and Y237. Rotation of the
JAK2-binding Box 1 region had a minimal effect on basal or hPRL-induced hPRLr activity. (C) Up to four alanine residues were introduced between
D210 and T211. The basal hPRLr activity was not affected, and the ability of hPRLr to be activated by hPRL persisted regardless of rotation of the ligand-

binding EC domain relative to the TM helix.

rotating the JAK2-binding Box 1 region appeared to have a
minimal effect, if any at all, on the function of hPRLr and failed to
constitutively activate hPRLr.

In a third set of experiments, we examined whether rotating
the EC domain would mimic the on conformer of hPRLr bound
by ligand and render tyrosine phosphorylation without ligand
and whether the rotated EC domains would be capable of
inducing the IC domains to the on conformer in the presence
of hPRL. In these experiments, up to four alanine residues were
placed between the EC and TM domains, after aspartic acid 210,
to rotate the EC domain (rather than the IC domain) relative to
the TM helix because the interaction between the TM helices has
been reported to hold the two hPRLrs in ligand-independent
dimerization.>* Again, these EC domain-rotating mutants failed
to yield constitutively active hPRLr in the absence of hPRL
(Figure 3C). Surprisingly, these mutant hPRLrs were success-
fully activated by hPRL treatment regardless of the presumably
significant alteration in the orientation of the ligand-binding EC
domain (Figure 3C), although the level of tyrosine phosphoryla-
tion of the 211+4A mutant in the presence of hPRL was slightly
decreased compared to that in wild-type hPRLr. Taken together,

these data do not support rotational action as a mechanism
required for hPRLr activation upon ligand binding.

Providing Increased Degrees of Structural Freedom Be-
tween the TM and IC Domains Does Not Produce Constitu-
tive hPRLr Activity or Eliminate Activation by hPRL. ngand-
independent hPRLr dimers have been shown to be inactive.***
This observation suggests that hPRLr dimers are held in an off
conformer in the absence of ligand. A rigid linkage between the
TM and IC domains is required to lock the IC domain in the off
conformer in the absence of hPRL and to transmit the con-
formational change induced by ligand binding from the EC
domain to the IC domain. We sought to determine whether an
increased degree of spatial freedom of the IC domain relative to
the TM helix would unlock the receptors and result in an on
conformer without the addition of ligand. Up to four glycine
residues were added between the TM and IC domains, after
glycine 236. These glycine additions function as increasingly
flexible hinges, so that a fixed relationship between the TM helix
and the IC domain was disrupted. However, no tyrosine phos-
phorylation was detected in these glycine-insertion mutants in
the absence of hPRL (Figure 4). Thus, an enhanced ability of the
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Figure 4. Increased degree of freedom in the movement of the IC domain relative to the TM helix that fails to yield constitutive activity in hPRLr and
minimally affects the ligand-induced activity. 293T cells were transiently transfected with wild-type hPRLr (WT) or 237+41—4G mutants and not treated
or treated with hPRL (100 nM) for 15 min. Tyrosine phosphorylation in hPRLr was analyzed by Western blot using phosphotyrosine antibody 4G10
after IP with anti-hPRLr ICD antibody H-300. Mock transfection was included as a negative control (lanes 1 and 2). The top panel shows blotting with
anti-hPRLr ECD antibody 1A2B1 for hPRLr total expression. The bottom panel shows blotting with anti-phosphotyrosine antibody 4G10 for hPRLr
activation.
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Figure S. Piston movement of different domains does not result in the constitutive activity of hPRLr. 293T cells were cotransfected with wild-type
hPRLr (WT) and various insertion mutants at a 1:1 ratio and incubated in the absence of hPRL. Tyrosine phosphorylation in hPRLr was analyzed by
Western blot using phosphotyrosine antibody 4G10 after IP with anti-hPRLr IC domain antibody H-300. Mock transfections were included as negative
controls (lanes 1 and 2 in panels A and B). Single transfections with wild-type hPRLr (WT) were included as positive controls (lanes 3 and 4 in panels A
and B): —, treated without hPRL; +, treated with hPRL (100 nM). Top panels show blotting with anti-hPRLr EC domain antibody 1A2B1 for hPRLr
total expression. Bottom panels show blotting with anti-phosphotyrosine antibody 4G10 for hPRLr activation. (A) WT hPRLr was cotransfected with
21141—4A (lanes 5—8) or 235+1—4A (lanes 9—12). (B) WT hPRLr was cotransfected with 237+1—4A (lanes S—8) or 237+1—4G (lanes 9—12).

IC domain to move relative to the TM helix did not result in an counteract the conformational change caused by the binding
increased level of formation of the on conformer. More interest- of hPRL and that a rigid connection between the TM and IC
ingly, the treatment of hPRL successfully activated these four domains is not required for hPRLr activation.

hPRLr mutants to a significant level above the background Heterodimerization of Wild-Type and Various Mutant
observed with the nontreated receptors, although the intensity hPRLrs Does Not Produce Functionally Active Receptors in
of tyrosine phosphorylation slightly decreased with increasing the Absence of hPRL. The predicted TM helix of hPRLr is
numbers of glycine residues inserted (Figure 4). These data slightly larger than the required number of residues for crossing
indicate that the flexible glycine hinge does not buffer or the hydrophobic core of the plasma membrane and thus is
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compatible with a movement of several angstroms perpendicular
to the plane of the membrane. Therefore, the piston model for
receptor activation was also explored in this study. Wild-type
hPRLr was cotransfected with various mutant hPRLrs described
above at a 1:1 ratio in 293T cells expressing endogenous JAK2.
The added residues elongate the mutant hPRLrs and alter the
relative vertical positions of the domains with respect to wild-
type hPRLr. This resembles a piston movement when the mutant
hPRLr heterodimerizes with wild-type hPRLr, assuming the
insertion mutations do not disturb heterodimer formation (see
Discussion). In addition to hPRLr heterodimer formation, there
were also homodimers of wild-type hPRLr as well as those of two
mutant hPRLrs. As shown in Figures 3 and 4, the homodimers
were not active in the absence of hPRL and will not obscure
tyrosine phosphorylation resulting from heterodimeric hPRLrs.
None of the cotransfection experiments in the absence of hPRL
provided receptors with tyrosine phosphorylation comparable to
that observed with the ligand-activated wild-type hPRLr, or with
tyrosine phosphorylation significantly above the background
level observed with the nonactivated wild-type hPRLr
(Figure S). The piston movement that shifts the vertical align-
ment of different domains in hPRLr is not capable of producing
constitutive activity and thus does not mimic the on conformer.

l DISCUSSION

The molecular mechanisms by which members of the class 1
cytokine receptor family, including hEPOr, hGHr, and hPRLr,
are activated by their ligands have been investigated for a number
of years. The ability of hormones and selected bivalent antibodies
to create active receptors supports the concept that heterotri-
meric complexes are necessary and sufficient for the activation of
hEPOr, hGHr, and hPRLr.”'7**~# Physical and structural
studies typically using the EC domains of these receptors also
support this idea,"**”*~* but not all bivalent antibodies are
capable of creating active receptors,'”***® indicating that
although the dimerization of the receptors is necessary, it is
not sufficient for activation. More recently, the presence of
hEPOr, hGHr, and hPRLr dimers in the absence of ligands has
been documented.”” ** These hormone-free receptor dimers
are not active.””*>”** These data suggest that ligand binding is
not required for receptor dimerization but ligand binding guides
receptor dimers to conformations associated with activity.””*>*°
It has been argued that on the basis of the speed of JAK2-
mediated hPRLr phosphorylation, preformed hPRLr dimers are
required to meet this timeline of ligand activation,”” but whether
hPRLr activation is slowed or abolished when the preformation
of hPRLr dimers is suppressed has not been further investigated.
Thus, there are few data to support the concept that the actions of
hPRL are mediated through preformed hPRLr homodimers.

On the basis of structural and functional studies, three models
for class 1 cytokine receptors have been proposed to reveal how
ligand binding to the EC domain induces intracellular activation: a
scissor model, a piston model, and a rotation model. It is generally
assumed that these mechanisms must physically move the recep-
tor-associated JAK2 to the positions where auto- and/or transpho-
sphorylations of JAK2, the receptors, and subsequently other
proteins bound to the phosphorylated receptors via the SH2
domain occur. The scissor model was proposed on the basis of
several structures of the hEPOr EC domain in which ligand
binding produced a scissoring action between the two receptors.”®
The piston model was proposed for hGHr on the basis of the

crystallographic heterotrimeric structure of hGHr EC domains
bound by hGH where ligand binding created receptors that are off
set along the Z-axis to the presumed X—Y plane of the plasma
membrane.”® >' The rotation model was suggested for both
hEPOr and hGHr activation. Addition of specific numbers of
alanines at the TM domain—IC domain junction of hEPOr or
hGHr affected the activities of these receptors.””*> It must be
noted that these models are not mutually exclusive and that several
components of these mechanisms may be present in any system.

When compared to that of hGHr and hEPOr, the molecular
mechanism by which hPRL activates hPRLr is not described well.
Investigators often assume that these structurally similar recep-
tors will function through similar mechanisms. Indeed, the
proteins involved in the downstream activation of these receptors
have been identified and are largely similar.”*** However, other
data do not provide a consistent picture of the details for hREPOr,
hGHr, and hPRLr activation. For example, in hEPOr, addition of
selected numbers of alanines at the TM domain—IC domain
junction impaired EPO-induced receptor tyrosine phosphoryla-
tion and cell proliferation but had little effect on JAK2 tyrosine
phosphorylation.”® No constitutive activity for hEPOr was
produced by alanine additions.>® In contrast, a similar study
conducted with hGHr** yielded constitutive tyrosine phosphor-
ylation of receptor-associated JAK2 and cell proliferation in the
absence of hGH, but the activity of hGHr in the presence of hGH
was not evaluated. The data presented here in our study of
hPRLr, however, are significantly different from those for both
hEPOr and hGHr.

We wished to evaluate the proposed activation models, and
particularly the rotation model, in hPRLr. We have used site-
directed mutagenesis to manipulate the structural relationships
among the EC, TM, and IC domains of hPRLr. We examined the
basal and hPRL-stimulated activities of these receptors in vivo to
determine the effects of our various structural interventions,
including helical extensions at the EC domain—TM domain and
TM domain—IC domain junctions and immediately preceding
Box 1 by various alanine additions. This approach mimics the
rotation model because alanine additions rotate either the EC or
IC domains in approximately 100° increments.”>**>** In hPRLr
activated by hPRL binding, the additions of alanines also rotate
the domains and may be capable of inactivating the heterotri-
meric complex. We have also attempted to disrupt any rigid
relationship between the TM and IC domains by the addition of
increasing numbers of glycines. If a rigid relationship between the
domains is required to lock the ligand-free off conformer and to
transmit a ligand binding-induced conformational change, then
we reason that the addition of glycine hinges would increase the
degree of freedom of movement between the domains and
disrupt both the TM-defined off conformer of the IC domain
and the on conformer induced by hPRL binding. Furthermore, if
the ligand-free receptor dimers were being held in an off
conformation, then the increased degree of freedom of move-
ment might allow activation in the absence of ligand. In addition,
alanine and glycine additions lengthen the connection between
the domains. When only one species of extended hPRLr is
expressed in a cell, all receptors in this cell are extended equally,
but if both wild-type and extended receptors are simultaneously
expressed in a cell, a heterodimeric subpopulation of receptors
will mimic the piston model, assuming the insertion mutations
do not disturb heterodimer formation (see below).

In our study, we found no support for the rotation model in
hPRLr as proposed and demonstrated for both the hEPOr and
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hGHr systems,””>>** where mimicry of the IC domain rotation

by incremental alanine insertions affected the activities of these
receptors. None of the alanine additions placed at the junction
between the TM and IC domains (2354+1—4A) provided an
increase in the basal level of hPRLr tyrosine phosphorylation
above that of wild-type hPRLr. We have shown that these
additions of residues did not affect the formation of ligand-
independent receptor dimers and the ratio of ligand-independent
dimers to monomers was similar to that in wild-type hPRLr
(Figure 2). Each of these series of alanine additions between the
TM domain and the JAK2 binding site should rotate the IC
domain relative to the TM helix, creating dimeric hPRLr pairs
with a variety of IC domain orientations. None of these unique
dimeric hPRLr pairs demonstrated constitutive activity. This
suggests that the incremental rotation of the IC domains of
hPRLr pairs fails to provide an active orientation. In addition,
each of the hPRLr mutants with added alanines was able to be
stimulated by a brief exposure (15 min) to an hPRL concentra-
tion of 100 nM'¥!+3940 (Figure 3A). Equivalent hPRL-stimu-
lated receptor activity for both wild-type and alanine-inserted
receptors indicated that the IC domain rotations failed to create
receptor conformers that were unable to be activated by hPRL
binding. This failure of the various alanine-mediated IC domain
rotations to influence dramatically hPRL-induced activity de-
monstrates that these alanine additions do not disrupt the
elements of receptor structure critical for hAPRL-induced function
and suggests that a rotational conformer of the hPRLr pair is not
relevant to their activation. Similar results were observed when
alanine additions were placed closer to the proline-rich JAK2
binding site (2374 1—4A). Thus, the failures of alanine additions
to either induce constitutive activity or reduce hPRL-induced
activity do not support a molecular mechanism whereby hPRL
binding rotates the IC domains to an active conformer.

When incremental alanine additions were added immediately
preceding the TM domain (235+1—4A), the intensities of
hPRL-induced receptor phosphorylation were similar to that in
wild-type hPRLr, but when similar increment alanine additions
were placed closer to Box 1 (237+1—4A), the phosphorylation
responses of receptors to hPRL inducement were weakened,
although still significant. This difference may be due to the
interference near the JAK2 binding site at Box 1.

We also explored if the structural relationship between the EC
and TM domains would influence the basal or hPRL-induced
activity of hPRLr. Alanine additions at the EC domain—TM
domain junction rotate the EC domain relative to the TM helix,
assuming that these domains are rigidly connected and that the
TM domains anchor the receptor dimer in the absence of ligand.
On the basis of several structures of lactogens bound to pairs of
hPRLr EC domains,*>*"%? lactogen binding holds the two EC
domains in similar mirrored orientations. In addition, investiga-
tors have suggested that the EC domains enhance the formation
of ligand-independent hPRLr dimers.** However, in this study,
alanine additions at the EC domain—TM domain junction did
not disrupt the formation of hPRLr dimers in the absence of
hPRL (Figure 2), nor does the EC domain rotation in hPRLr
dimers display a conformation with constitutive activity. Finally,
each of these alanine additions does not eliminate hPRL-
stimulated JAK2-mediated receptor tyrosine phosphorylation
(Figure 3C). These results clearly show that disruption of the
relationship between the EC and TM domains does not influence
the ability of hPRL to stimulate the target receptors. Thus, a
specific structural relationship of the EC domains induced by

hPRL binding in wild-type hPRLr does not appear to be
necessary for receptor activation. Again, these results do not
support the rotation model for the activation of hPRLr.

Each inserted alanine residue induces an incremental rotation
of approximately 100°. Introducing four additional alanine
residues will complete a full turn of the helix exploring all
available orientations with a minimal extension of the TM helix,
but this method of exploration is limited and granular because it
fails to visit all possible orientations. If a precise rotation is
required for hPRLr activation and is not mimicked by 100°
stepwise alanine insertions, then our method may not visit this
orientation, but if this were the case, then manipulating the
orientations of hPRLr domains by inserting alanine residues
would also abolish any ligand-induced activation of hPRLr. This
was not observed in our experiments.

In contrast to alanine additions, which promote the formation
of stable helices that rotate the adjoining domains relative to one
another, glycine additions at the junction between the TM and
IC domains of hPRLr increase the degree of structural freedom
between these domains. If a rigid spatial relationship between the
TM and IC domains is necessary to maintain the off conforma-
tion of the two IC domains in a ligand-free hPRLr dimer and to
transmit the ligand binding-induced conformational change from
the EC domain to the IC domain, as the rotation model would
require, then the disruption of this relationship by glycine
additions should influence the activities of these receptors in
the absence or presence of hPRL stimulation. Our results show
that insertion of one to four glycines between G236 and Y237
(23741—4G) did not create receptor constitutive activity in the
absence of hPRL or drastically impair the ability of hPRLr to be
activated by hPRL, although the activation level in the presence
of hPRL decreased with increasing numbers of inserted glycines.
Thus, the disruption of the relationship between the TM and IC
domains by increasing their relative degree of freedom does not
unlock the IC domains from an oft conformer or significantly
affect hPRL-stimulated receptor activity. These data suggest that
a rigid connection between the TM and IC domains that would
hold the two IC domains of a receptor dimer in fixed spatial
relationships is not required for either the inhibition or activation
of hPRLr, further implying that a rotation mechanism is not
involved in hPRLr activation.

Our additions of alanines or glycines also increased the
distance between the EC or IC domains and the plasma
membrane. Therefore, these receptors were used to mimic the
elements of the piston model of receptor activation. The range
of piston displacements have been resg)orted to vary between
~2 A for bacterial chemoreceptors®' ~>* and ~8 A for hGHr.>*
Because each additional alanine residue will lengthen the TM
helix by approximately 1.5 A, the range of the piston movement
can be mimicked by inserting up to four alanine residues.
We cotransfected both the wild type and various forms of the
alanine- or glycine-extended hPRLrs into 293T cells to allow the
formation of a subpopulation of receptor heterodimers in which
wild-type and extended hPRLrs would associate. We observed no
increase in basal activity in any of these receptor heterodimers.
Thus, these data do not support a model in which a piston
movement of the hPRLr dimer produces active receptors. The
premise to this conclusion is that the insertion mutations do not
affect the ability of the hPRLr mutants to heterodimerize with
wild-type hPRLr. Although this premise remains to be further
investigated, given the report that the TM domain mediates the
ligand-independent dimerization of hPRLr** and the fact that the
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alanine or glycine insertions, which do not disturb the core of
the TM helix, do not affect the homodimerization of hPRLr
(Figure 2), the likelihood that the dimerization between the
mutant and wild-type hPRLr is abolished by these mutations is
arguably low. However, it should also be noted that the piston
model cannot be completely excluded because the elongation
displacements resulted from alanine insertions are also accom-
panied by the rotation movement. It is possible that hPRLr
activation employs a one-dimensional piston sliding that does
not involve any rotation, which is determined for bacterial
chemoreceptors.*"** Signaling by such a mechanism would be
difficult to mimic using insertions or deletions.

In this work, we have explored the structural relationships
among the EC, TM, and IC domains of hPRLr. We have taken
the previously used technique of alanine additions at domain
interfaces and extended these studies with glycine mutations and
the evaluation of the ability of hPRL to activate mutant receptors.
Our data do not support the rotation or piston models of hPRLr
activation. hGHr, hEPOr, and hPRLr share several common
properties, including their activation induced by ligand binding,
the formation of active trimeric ligand—receptor complexes, and
the presence of ligand-free inactive receptor dimers. In addition,
these receptor systems utilize many similar intracellular signaling
pathways. Although hGHr, hEPOr, and hPRLr have similar
global structures,”” many of the details are significantly different.
For example, comparison of the amino acid sequences of either
the EC or TM domains among hGHr, hEPOr, and hPRLr shows
only modest to minimal sequence homology.>* Thus, it should
not be surprising that these three receptors use different
mechanisms.

Although the rotation and piston models are not supported by
our data, we have not tested the scissor model and, therefore,
cannot exclude the possibility of hPRLr adopting a scissor model
or a combination of elements from the scissor model and other
proposed models. Determining if a scissor action is involved in
hPRLr activation requires additional experiments. Our data
suggest that the overall structure of hPRLr appears to possess a
strong plasticity that can accommodate the presumed significant
structural alterations caused by the additions of alanines or
glycines without losing its function. Since the discovery of
ligand-independent dimerization in hPRLr,>>** it has been
argued that preformed hPRLr dimers are the species activated
by ligand binding because of the speed of JAK2-mediated
receptor phosphorylation.”” The classic model in which the
proximity of the ligand-induced dimeric receptors triggers
activation™'® is deemed invalid because these ligand-free pre-
formed hPRLr dimers have been shown to be inactive.”>** On
the basis of these arguments, ligand binding to the EC domains of
preformed hPRLr dimer must bring about a conformational
change that is transmitted to the IC domains and subsequently
activate the IC domains. However, the results presented here
have demonstrated that our variety of spatial manipulations that
attempted to mimic this presumed activating conformational
change had a minimal impact, if any at all, on hPRLr activation
and that a rigid connection between the TM and IC domains,
which would have been critical to transmit the aforementioned
ligand-induced conformational change from the EC domain to
the IC domain, was not required for hPRLr activation. These
data, especially the results from the glycine insertion mutations,
prompted us to re-evaluate the significance of ligand-indepen-
dent hPRLr dimers. Do they exist in dynamic equilibrium with
hPRLr monomers among the total hPRLr population? What is

their role in the process of activation? Are they remnants of
previous activation processes? These questions remain to be
investigated.

Several studies appear to provide clues about a mechanism
that may regulate the activation of hPRLr. They have evaluated
the requirements for various portions of the EC domain of
hPRLr. Elimination of the first 100 residues of the EC domain
(AS1) did not produce a constitutively active receptor but did
greatly reduce the affinity for hPRL.>* Removal of residues
11—18S in the EC domain produced a constitutively active
receptor but abolished the ability of hPRLr to bind hPRL.*
Constitutive activity was also obtained after deletion of the S2
subdomain of rabbit PRLr,*® but when the entire EC domain
(residues 1—210) was removed, no constitutive activity was
observed and the mutant receptor could not be activated by
hPRL.** Interestingly, this EC domain-removed hPRLr mutant
was reported to enhance the signaling of wild-type hPRLr when
present.”* These results indicate that a structural feature situated
between residues 100 and 186 inhibits ligand-independent
constitutive activity and that an unrecognized structural feature
located between residues 186 and 210 is required for constitutive
hPRLr activity. An entire EC domain appears to be necessary for
ligand-induced activation of hPRLr. Ligand-independent hPRLr
dimerization was not eliminated by the deletion of the entire EC
or IC domains.”* This suggests that the TM domain is
the primary focus of ligand-independent hPRLr dimerization.”*
These authors also observed that the EC or IC domains
influenced the ligand-independent TM-driven receptor di-
merization.”* Taken together, the portions of hPRLr required
for ligand-independent dimerization do not correspond to the
structures involved in hPRL binding or those required for
constitutive hPRLr activity. Our results indicate that the rigid
structural connections among the three domains of hPRLr are
not necessary for either hPRLr dimerization or activation.

B ASSOCIATED CONTENT

© Ssupporting Information. Gel showing 293T cells con-
stitutively express JAK2 but not endogenous hPRLr. This
material is available free of charge via the Internet at http://
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