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Prolactin and the prolactin receptors are members of a family of hormone/receptor pairs which include GH,

erythropoietin, and other ligand/receptor pairs. The mechanisms of these ligand/receptor pairs have broad

similarities, including general structures, ligand/receptor stoichiometries, and activation of several common

signaling pathways. But significant variations in the structural and mechanistic details are present among these

hormones and their type 1 receptors. The prolactin receptor is particularly interesting because it can be activated

by three sequence-diverse human hormones: prolactin, GH, and placental lactogen. This system offers a unique

opportunity to compare the detailed molecular mechanisms of these related hormone/receptor pairs. This

review critically evaluates selected literature that informs these mechanisms, compares the mechanisms of the

three lactogenic hormones, compares the mechanism with those of other class 1 ligand/receptor pairs, and

identifies information that will be required to resolve mechanistic ambiguities. The literature describes distinct

mechanistic differences between the three lactogenic hormones and their interaction with the prolactin re-

ceptor and describes more significant differences between the mechanisms by which other related ligands

interact with and activate their receptors. (Endocrine Reviews 33: 504–525, 2012)
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A. Prolactin: sequence and structure
B. Prolactin: functional mechanisms
C. Prolactin: rate constants, affinities, and thermodynamics

III. Prolactin Receptor
A. Prolactin receptor: sequence, isoforms, and structure
B. What are the mechanisms that activate the prolactin

receptor?
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I. Introduction

Prolactin (PRL) is a class 1 helical protein hormone (1)
produced in both autocrine/paracrine and endocrine

systems and is responsible for a wide variety of physio-
logical actions in vertebrates including fish, amphibians,
reptiles, and mammals (2, 3). PRL activates target cells by
interaction with a pair of single-transmembrane (TM) do-
main type 1 cytokine receptors located on the plasma
membrane of target cells. Isoforms of the PRL receptor are
derived by differential splicing of the RNA transcribed
from a single gene (4) or by posttranslational modifica-

tions. Substantial progress has been made in identifying
and characterizing the molecules involved in the human
PRL (hPRL) signaling pathway (5); these pathways in-
clude the Janus kinase (JAK)/signal transducers and acti-
vators of transcription (STAT) system and others (6).

PRL has a wide variety of target tissues, including mam-
mary gland, prostate, ovary, cells of the immune system,
adipocytes, liver, and other tissues. PRL, growth factors,
and steroids complement each other’s actions to stimulate
the growth and development of these tissues. The biolog-
ical actions of PRL have been described by earlier review
articles (7–9).

Lactogenic hormones and hPRL receptors are excellent
models for studying the protein/protein interactions that
initiate the molecular mechanisms that regulate the activ-
ities of the binding complex. Too few molecular interac-
tions have been characterized to describe a classification
system by which molecular interactions modulate activity.
The hPRL receptor is an especially important model for
cytokine/receptor interactions in that three ligands with
significantly different chemical features bind and activate
this protein. We must identify the appropriate physical
models for this class of ligand/receptor interactions and
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gain an understanding of the binding order, kinetics, and
energetics to derive how such interactions regulate the ac-
tivities of these molecules. This information, obtained
from a wide variety of binding pairs, is required to under-
stand the principles of molecular function and provide the
principles for rational protein engineering.

Because PRL is implicated in the initiation and progres-
sion of cancers of the breast and prostate (10, 11), the
design of antagonists is a focus of current research (12,
13). But the rational design of either agonists or antago-
nists requires and awaits an accurate and detailed under-
standing of the molecular mechanisms by which PRL ac-
tivates its receptor.

Considerable data have described the chemistry and
biology of PRL and have led to identification of the mol-
ecules that carry out intracellular (IC) function (5). How-
ever, a less complete picture emerges when one examines
the molecular mechanisms by which these molecules per-
form their functions. Similarities in the structures and uti-
lization of common signaling pathways among PRL, GH,
and erythropoietin (EPO) have been used to advance the
belief that PRL will bind and activate its receptor by mech-
anisms similar to those described for GH and EPO (14).
But data supporting this belief are scarce and have not
been critically evaluated. The intention of this review is to
identify and critically review the literature addressing the
mechanisms by which PRL, GH, and placental lactogen
(PL) bind and activate the PRL receptor. In addition, GH/
receptor and erythropoietin/receptor pairs are compared
with lactogen/receptor pairs. This review will largely focus
on these systems in humans. This evaluation will provide
insights into both the common and unique aspects of the
mechanisms of receptor activation. I conclude that despite
similar three-dimensional structures and the utilization of
common signaling mechanisms, PRL binds and activates
the PRL receptor by a mechanism unique from those used
by other lactogens. I suggest that these mechanistic differ-
ences largely are a consequence of differences in the sur-
face chemical topology provided by divergent amino acid
sequences. Although the mechanism by which PRL binds
and activates the PRL receptor is unsettled, it appears to be
significantly different from those described for either the
GH/receptor or EPO/receptor pair.

II. Prolactin

A. Prolactin: sequence and structure

PRL is a single peptide of approximately 200 amino
acids. PRL orthologs have been identified in all classes of
vertebrates (2, 3), suggesting that the coding sequence for
PRL is an ancient gene evolved to modulate diverse activ-

ities. Based on sequence homology, hPRL can be consid-
ered a typical mammalian PRL. Compared with the seven
mammalian species examined in Supplemental Fig. 1A (pub-
lishedonTheEndocrineSociety’s JournalsOnlinewebsiteat
http://edrv.endojournals.org), the hPRL sequence shares ap-
proximately a 44% identity and an additional 35% similar-
ity. hPRL, human GH (hGH), and human PL (hPL) bind and
activate several forms of the hPRL receptor and provide a
rich system to compare the molecular mechanisms by which
these hormones bind the hPRL receptor. These three human
lactogenic hormones have varying sequence homologies
(Supplemental Fig. 1B). hGH and hPL share an 85% se-
quence homology. In contrast, these two hormones share
21 and 22% homology with hPRL, respectively. The low
sequence homologies between hPRL and either hGH or
hPL produce unique chemical topologies on the surfaces of
these lactogens that define their binding interfaces. Com-
paring the sequences of hPRL with hGH or hPL, the ab-
sence of homology beyond several contiguous residues
does not argue for the presence of identical receptor bind-
ing surfaces. These observations suggest that the sequence
differences displayed in their three-dimensional structures
will provide unique molecular mechanisms by which
hPRL, hGH, or hPL binds and activates hPRL receptor.
This argument is supported by structural studies that iden-
tify a modest conservation of receptor-binding epitopes
among these lactogens.

Structures of hPRL (15–20), hGH (21), and hPL (22),
when either free or bound to the hPRL receptor, are rapidly
providing a platform for the interpretation of structure/func-
tion studies. A nuclear magnetic resonance (NMR) structure
of hPRL in the absence of receptor provided the first hPRL
structure (15). The protein’s four long helices fold into a
parallel bundle with an up-up-down-down pattern (23)
(Fig. 1A and Supplemental Fig. 2). This fold qualifies
hPRL for membership in the long-helix-bundle group of
approximately 20 cytokines (24) that includes its closest
neighbors: hGH and hPL (Supplemental Fig. 1B). X-ray
structures are available for mutant hPRL (G129R or �1–9/
G129R) bound to a single extracellular (EC) domain of
hPRL receptor (16, 17, 19). When bound by a single EC
domain, hPRL retains its general fold, but several modest
changes are observed including loop 1 (between helix 1 and
2). A 3.8-Å structure of hPRL bound to two EC domains of
the rat PRL receptor (18, 20) provides the structure of the
heterotrimeric hormone/EC domain complex and sug-
gests that binding a second receptor does not induce fur-
ther changes in the structure of hPRL. These structural
studies describe two receptor-binding surfaces each on
unique surfaces of hPRL, termed sites 1 and 2. This structure
also shows a binding interface between the S2/S2 sub-
domains of the EC domain of the PRL receptor. The site 2
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and S2/S2 interfaces constitute the binding surfaces for the
second hPRL receptor as it binds the hPRL/receptor het-
erodimer. Similar studies of hGH (21) or hPL (25) bound
to the EC domain of the PRL receptor reveal similar hor-
mone/receptor binding surfaces. Structural, biochemical
(26), and biophysical studies (27, 28) demonstrate that
PRL binds two PRL receptors at these unique surfaces in
an allostery-mediated obligate-ordered fashion.

X-ray studies have revealed 18 residues as structural
epitopes for site 1 of hPRL (within 3.5 Å of the hPRL
receptor) (17). Only nine of these residues are functional

epitopes (29). A slightly larger set of site
1 functional epitopes are observed
when either hGH or hPL is bound to
hPRL receptor (21, 22). The structural
epitopes for site 2 were identified in x-ray
studies where hPRL bound the EC do-
main of rat receptor to form a heterotri-
meric complex (18, 20). Finally, a series
of heterodimeric structures of G129R-
hPRLboundtoasingleECdomainof the
hPRL receptor and containing various
histidine mutations in either hPRL or the
receptordomainhavebeenpublishedata
significantly higher resolution (2.0 to 2.5
Å) (19). The overall helical structure of
these hPRL is retained, but modest struc-
tural changes are observed in the various
receptor-bound hPRL.

Caution must be used when inter-
preting structural differences between
various x-ray or standard NMR-based
hPRL studies (30). Only comparisons
of high resolution structures obtained
under identical conditions are likely to
provide valid interpretations. Even un-
der optimal conditions, the influences
of crystal packing and solute/solvent
conditions may produce modest struc-
tural differences from the molecule in

vivo. More consequential, structural
information does not inform the dy-
namics of these proteins.

Mammalian lactogens contain both
conserved and unique features (Supple-
mental Fig. 1B). The most obvious dif-
ference is that PRL contain an N-ter-
minal sequence not present in either
GH or hPL. Removal of between nine
and 14 N-terminal residues of hPRL in-
troduces functional changes (31). De-
letion of nine N-terminal resides of

hPRL in the presence of the G129R mutation produces a
highly potent hPRL antagonist (32). hPRL has three di-
sulfide bonds. hPRL contains a small eight-residue N-ter-
minal disulfide loop (cysteines 4 and 11) located in the
nonhelical portion of the protein. The N-terminal disul-
fide loop is retained in mammals, although it is slightly
smaller in murine species. The N-terminal disulfide loop
shows substantial mobility, as judged by the structural
variations observed among the 20 calculated solutions for
the NMR structure of hPRL (15). This N-terminal disul-
fide loop is not present in either GH or hPL. A large di-

Figure 1.

Figure 1. Structures of hPRL and the EC domain of the hPRL receptor. A, hPRL, PDB no. 1RW5

(ribbon). Helix 1, residues 14–43 (blue); helix 2, residues 78–103 (green); helix 3, residues

111–137 (gold); and helix 4, residues 161–193 (red). Disulfides (yellow stick), residues 4–11,

58–174, and 191–195. Histidines (purple stick). B, hPRL (cyan backbone); residues displaying

significant ��G when mutated to alanine (solid). Solid gold, site 1 residues; solid yellow, site

1 residues noncovalently linked to the hPRL receptor. Site 1, Loop 1 (I55, N56, P66, E67, and

Q73) and helix 4 (R177, H180, K181, D183, N184, K187, R192, N197, and N198). Solid

green, site 2; helix 1 (Q12), and helix 3 (Q122, L126, and L132). Solid cyan, Coupling motif;

helix 1 (F19, V23, S33, S34, and F37), loop 1 (S57 and L63), helix2/helix 3 junction (E110),

helix 3 (E118, I119, E120, E121, T123, K124, and L127), helix 4 (Y169, N170, D178, S179,

L189, and I193), and C terminus (I194 and N196). C, EC domain of the hPRL receptor (PDB

no. 3NO6, ribbon residues 2–204). Cyan, S1 subdomain; green, S2 subdomain; yellow stick,

cysteines (184) and disulfides (12–22, 51–62); red, proline hinge (PDPP, residues 103–106). D,

EC domain of the hPRL receptor; yellow stick, cysteine 184; gold stick, Zn2� half-site (gold

stick residues D187 and H188); and blue stick, WSAWS motif (residues W191, S192, A193,

W194, and S195).
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sulfide loop (cysteines 58 and 174) covalently links the N-
and C-terminal portions of the protein and constrains
their relative motions. Elimination of this large disulfide
loop eliminates activity (33). Finally, a nine-residue disul-
fide loop between cysteines 191 and 199 in hPRL restricts
motion of the C-terminal, as judged from the similarities
of the various calculated NMR C-terminal structures (15).
C191 is within helix 4, and disulfide formation with C199
reduces the movement of this C-terminus disulfide loop by
fixing it to the C-terminus of helix 4. The central and
C-terminal disulfide loops are retained in mammalian PRL
(Supplemental Fig. 1A). All three human lactogens contain
both the central and C-terminal disulfide loops but with
modest size differences. Disruption of either the N- or
C-terminal disulfide loops by selective chemical reduction
or mutagenesis decreases, but does not eliminate, the bi-
ological activities of PRL, PL, or GH (33–35).

hPRL, hGH, and hPL each contain four long helices.
Helices 1 (residues 14 through 43; 30 residues), 2 (residues
78 through 103; 26 residues), 3 (residues 111 through
137; residues 27), and 4 (residues 161 through 193; res-

idues 33) of hPRL comprise the four-helix bundle (Fig.
2A). The arrangement of these helices (Supplemental Fig.
2) is typical for this class of four long helix bundle cyto-
kines. In molecular dynamics simulations, we observed
that the four large helices in hGH are quite rigid (J. M.
CanfieldandC.L.Brooks,unpublishedobservations);hPRL
may share this property. Thermal denaturation studies of
hPRL following helical structure by circular dichroism
showed a melting temperature (Tm50%) of approximately 75
C (J. Patmastan and C. L. Brooks, unpublished observa-
tions). Based on Protein Data Bank (PDB) no. 3MZG,
stabilizing salt bridges (carboxyl oxygen to amine nitro-
gen �4Å in side chains) are present in helix 3 (E120/K124:
3.93Å) and helix 4 (E161/R164: 3.77Å, and D183/K187:
2.85Å). Within the 116 residues in these long helical se-
quences, only two residues might disrupt or destabilize the
helical structures: P94 and G129 in helices 2 and 3, re-
spectively. Neither residue breaks the helices in which they
reside as determined from x-ray data (15–20). P94 is con-
served in most species (Fig. 1A). In bovine PRL, P94 is
located near the major site of phosphorylation at S90 (36).

Figure 2.

Figure 2. Schematic comparison of natural and man-made hPRL receptor isoforms. EC domain, blue; TM domain, yellow; and IC domain, green.

Long, long form of the hPRL receptor; intermed, intermediate form of the hPRL receptor; short 1a, short 1a form of the hPRL receptor; short 1b,

short 1b form of the hPRL receptor; �S1, long form of the hPRL receptor with the S1 subdomain deleted; �S2, long form of the hPRL receptor

with the S2 subdomain deleted; ECD, extracellular domain; �ICD, long form of the hPRL receptor with the intracellular domain deleted; �ECD,

long form of the hPRL receptor with the extracellular domain removed; �10-186, long form of the hPRL receptor with residues 10-186 removed;

I76V, long form of the hPRL receptor with isoleucine 76 replaced with valine; l146L, long form of the hPRL receptor with isoleucine 146 replaced

with leucine.
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G129 is critical to site 2 receptor binding (16). This glycine
residue is located in the binding site for the second receptor
and sits in the bottom of a pocket into which a critical
receptor tryptophan is inserted. Replacement of this gly-
cine with arginine fills this pocket with a large charged side
chain and inhibits insertion of the receptor tryptophan,
creating a steric antagonist that retains between 1 and
10% activity of the wild-type hormone. Based on the more
favorable helix-forming properties of arginine, the G129R
mutation also may increase the stability of helix 3. The
helix 2 proline and the helix 3 glycine are conserved in
both hGH and hPL (Supplemental Fig. 1B). In either hPL
or hGH, replacement of G120 (corresponding to G129 of
hPRL) with arginine produces antagonists for either the
hPRL or hGH receptors (37, 38). These data indicate the
functional centrality of this motif for these three members
of this hormone/receptor family.

Two long sequences connect helices 1 and 2 (residues
44 through 77; 34 residues) and helices 3 and 4 (residues
138 –160; 23 residues). A third short connection be-
tween helices 2 and 3 contains only seven residues. The
sequence connecting helices 1 and 2 contains a short
seven-residue �-helix, a four residue 3/10 helix, and
cysteine 58, a member of the large disulfide loop coupling
loop 1 and helix 4. Loop 1 contains site 1 structural
epitopes. The second short helix in loop 1 of hPRL lays in
a groove between the S1 and S2 subdomains of the hPRL
receptor bound to site 1.

B. Prolactin: functional mechanisms

The similarities and differences in the molecular mech-
anisms by which hPRL and other ligands for type 1 re-
ceptors initiate their activities are only now coming to
light. Two hPRL receptors bind sites 1 and 2 of the hor-
mone, producing an active heterotrimeric complex (20,
26–28). We have proposed that the mechanism of recep-
tor binding to hPRL is an obligate-ordered process where
hPRL receptor cannot bind site 2 unless site 1 has previ-
ously bound a receptor (27, 28). These data imply that
sites 1 and 2 are functionally coupled by an allosteric
mechanism. Förster resonance energy transfer studies
show that receptor binding at site 1 of hPRL induces a
conformation change. Motifs coupling sites 1 and 2 have
been identified in hGH and hPL (28,34) but in hPRL we
failed to identify a similar coupling motif (T.J. Gordon, U.
Sivaprasad, and C.L. Brooks, unpublished observations).

Recently, a set of functional epitopes for hPRL was
identified by Rao and Brooks (29). Forty-one residues
with significant changes in �G were identified by alanine
mutagenesis (Fig. 2B) of 102 tested residues. These 41
residues were sorted into three groups. The first group
contained structural residues within 3.5 Å of the hPRL

receptor, with some forming noncovalent bonds with
hPRL receptor. These nine functional residues (N56, E67,
R177, H180, D183, N184, K187, N197, and N198) were
found among the structural epitopes identified by Svens-
son et al. (17) and were located in loop 1, helix 4, and the
C terminus of hPRL. Despite containing structural epitopes,
no functional epitopes were found in helix 1 of hPRL. Six of
these nine residues had contacts with the hPRL receptor that
were consistent with noncovalent bonds. The second group
also contained structural epitopes within 3.5 Å of the recep-
tor. They provided noncovalent bonds within hPRL but did
not provide noncovalent bonds to the receptor; these in-
teractions appeared to couple the functional epitopes with
the body of the hormone. The third and largest group of
residues was not found among the structural epitopes, but
their mutation to alanine changed the �G for site 1 bind-
ing. The residues of this third group formed a contiguous
motif between site 1 and site 2 (Fig. 1B). Members of this
group may form the motif that allosterically couples site 1
with site 2. In additional mutagenic studies, we identified
similar but nonidentical sets of residues that functionally
couple sites 1 and 2 of hGH (39). Comparison of the struc-
tural epitopes of hPRL (17), hGH (21), and hPL (22) iden-
tifies sets of modestly conserved residues with overlapping
but not identical sets of functional epitopes. These data
strongly indicate that the receptor binding residues are
somewhat preserved, but the details of binding are unique.

When considering functional coupling of sites 1 and 2
in lactogenic hormones, one needs to consider the nature
of allostery in a modern context. Decades ago, a general
mechanism for allostery was proposed by Pauling (40) and
Wyman (41, 42) and further developed into the Monod,
Wyman, Changeux (43) and Koshland, Nemethy, Filmer
(44) models. These models assumed allostery involved li-
gand-induced switching between two conformers of a pro-
tein. A linkage that communicated the structural change
was contained within the residues of a motif coupling the
two sites.

The current understanding of the dynamic nature of
proteins has required evolution of allosteric models (45).
Current views of allostery have several tenets. 1) Proteins
occupy multiple conformational states, and this ensemble
is influenced by ligand binding. 2) By classic structural
studies, one may or may not be able to document a ligand-
induced change in conformation; rather one may need to
examine ligand-induced changes in the ensemble of con-
formers, a study that remains to be performed for this class
of hormones. 3) A ligand-induced conformation change
utilizes multiple structural pathways that functionally link
sites 1 and 2. 4) These processes can be described by ther-
modynamics (combinations of entropy, enthalpy, and
heat capacity). Allosteric coupling of sites 1 and 2 may be

508 Brooks Prolactin/Receptor Mechanisms Endocrine Reviews, August 2012, 33(4):504–525
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documented by the presence of several measurable phys-
ical characteristics, including changes in structure as mea-
sured by physical techniques including NMR (46) or x-ray
crystallography (47), biophysical techniques such as
Förster resonance energy transfer (48), and possibly sta-
tistical mechanics (49). Completion of double-mutation
studies may more clearly identify residues that function-
ally couple sites 1 and 2 (50). Kossiakoff and colleagues
have demonstrated that hGH undergoes a conformation
change when binding the EC domain of the hGH receptor
(51) or when binding the EC domain of the hPRL receptor
(21).

hPRL binding to the EC domain of the hPRL receptor
is pH dependent within the physiological range (52). pH-
Dependent receptor binding is mediated by a cluster of
three histidine residues located in site 1 of hPRL (53).
hPRL contains six histidines (Fig. 1A and Supplemental
Fig. 1B). Mutagenesis of H27, H30, or H180 reduces re-
ceptor binding by hPRL, but H180 appears to be the crit-
ical residue. Rao and Brooks (29) confirmed the impor-
tance of H180 in hPRL, weakening the affinity of site 1 by
339-fold, whereas alanine mutants of H27 and H30 pro-
duced small insignificant changes in affinity (in the ab-
sence of Zn2�). In addition, H188 of the hPRL receptor
also contributes to the pH dependence of binding (19). A
pH dependence is not observed in hGH (52), and no in-
formation is available for hPL. hGH contains only three
histidines, two of which (H18 and H21) were homologous
to H27 and H30 of hPRL, but hGH did not contain a
histidine at the position equivalent to hPRL’s H180
(D171; Supplemental Fig. 1B). In nonprimate, GH H170
(closely corresponding to H180 in hPRL) is present and
functions as an important determinant for species speci-
ficity (54, 55). hPL contained six histidines, two of which
(H18 and H21) are common to all lactogens. The remain-
ing four histidines of hPL are unique when compared with
hPRL, but one of these four histidines (H151) was retained
in hGH. Based on the unique positions of histidines within
the structures of lactogens, it is reasonable that each
hormone has a unique pH dependence for binding and
activation of the hPRL receptor. The histidine cluster of
hPRL involved in binding and activation is close to the
putative binding site for Zn2�. Based on these obser-
vations of histidine biochemistry, hPRL uses a different
molecular mechanism to bind hPRL receptors than ei-
ther hGH or hPL.

Zn2� binds hPRL utilizing residue H27 (56). The struc-
ture of the dimeric hGH/hPRL receptor complex demon-
strates that the Zn2� binding site is shared by half-sites in
the hormone and receptor (21). The receptor half-site is
within the S2 subdomain of the hPRL receptor and uses
adjacent residues: D187 and H188. The conserved half-

site in bovine PRL bound Zn2� with a micromolar affinity
(57). Zn2� modestly weakened the site 1 affinity of hPRL
for the EC domain of hPRL receptor but strengthens the
observed global affinity (58). In contrast, Zn2� strength-
ened both the global and site 1 affinities of hGH or hPL.

Although total plasma concentrations of Zn2� are in
the micromolar range (59), free plasma Zn2� concentra-
tions are in the nanomolar range (60); thus, in the circu-
lation PRL is unlikely to be bound by Zn2�. The affinity
of the complete Zn2�-binding site, composed of both hor-
mone and receptor half-sites, remains to be determined
and may describe a role for Zn2� in the ligand/receptor
complex. The molecular mechanism by which Zn2� bind-
ing influences the activity of the hormone/receptor com-
plex is currently unknown. Both hGH and hPL contain a
Zn2� half-site (H18 and E174). Zn2� binding increases
the strength of hGH (37) binding to hPRL receptor and is
required for the binding and activity of hPL (61). The
mechanism by which Zn2� produces different behaviors
of hPRL and the other two lactogens remains to be fully
understood. Zn2� does not influence binding of hGH to
the hGH receptor.

The role of Zn2� may not be at the target cell but may
instead be in the pituitary acidophil. Millimolar Zn2� con-
centrations are present in the acidophilic lactogen-secret-
ing cells of the anterior pituitary (62) and likely provide
Zn2�-bound hormones at the time of secretion. Unfortu-
nately, the stoichiometry of Zn2� and lactogen at the time
of secretion has not been reported. The H27A mutant of
hPRL reduces both Zn2� binding (56) and the ability of
GH4C1 cells to secrete this mutant hormone (63), and this
is consistent with data indicating that Zn2� played a role
in PRL secretion (62). Once secreted, the persistence of hor-
mones containing Zn2� is unclear because the rate of Zn2�

dissociation is unknown. The loss of Zn2� from hormones
may modulate hormone activity after secretion, but this hy-
pothesis remains to be explored.

C. Prolactin: rate constants, affinities, and thermodynamics

The kinetics, affinities, and free energies for hPRL recep-
tor binding to either site 1 or site 2 of hPRL are different. It
must be remembered that what is frequently described as site
2 binding is actually the sum of receptor binding to site 2 of
the ligand plus binding of the S2/S2 receptor interfaces. Be-
fore the last several years, a nanomolar global affinity for
hPRL/receptorbindingwasdescribed.Whenglobalaffinities
were analyzed by Scatchard analysis, the graphical plots of-
ten were nonlinear and suggested that both high and low
affinity binding events were present. Early studies supported
PRL/receptor binding as a two-step process (64). The indi-
vidualaffinitiesofboth sites1and2 forECdomainsofhPRL
receptors can be measured by carefully constructed surface
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plasmonresonance (SPR)experimentsorperhapsby isother-
mal titration calorimetry. Bimolecular studies best discrim-
inate binding at site 1, but site 2 binding is best discerned by
trimolecularexperiments (65). SeveralmodelsofhPRLbind-
ing to its two receptors are available, but the simplest bidi-
rectional mechanism is used most commonly.

Using this simple model and the trimolecular method,
Goffin and colleagues (16) reported a site 1 Kd of 6.5 nM

and a site 2 Kd of 32.9 �M. An earlier SPR study from the
Gertler and Djiane groups (66) used a different approach
for SPR studies where hormones were fixed to the SPR
surface and receptor binding rates and affinities were de-
convoluted from the combined receptor-binding signals.
This study reported similar conclusions, but higher affin-
ities were observed for site 1 than site 2. Binding of hGH
or hPL to site 1 also provided nanomolar affinities (28).
Data for hGH or hPL binding the hPRL receptor at site 2
are not available. Finally, hGH binding to the EC do-
main of the hGH receptor shows a strong affinity (�1
nM) (67) at site 1 and a marginally weaker affinity at site
2 (3.8 nM) (68) with a functional coupling between sites
1 and 2 (51). Serum concentrations of hGH typically
vary between 0 and 1 nM (59). Thus, modulation of hGH
within this range would be well within the binding iso-
therms of both sites 1 and 2 and would appear to provide
long-lived heterotrimers that function in the same time
frame as observed for JAK/STAT phosphorylation and
activation of other downstream signaling mechanisms.
This mechanism would provide roles for hGH dissocia-
tion, suppressors of cytokine signaling proteins, or other
modulators to regulate receptor activity. Site 1 affinity for
the hGH/receptor pair is similar to that for the hPRL/
receptor pair. In contrast, the site 2 affinity for the hGH/
receptor pair is approximately 8000 times stronger that
that for hPRL/receptor pair, and the site 2 kinetics are
dramatically different. Clearly, the hGH/receptor pair has
a significantly different mechanism of ligand/receptor het-
erotrimer formation and activation than does the hPRL/
receptor pair.

Interpretation of the rate constants and affinities for sites
1 and 2 in the context of physiological hPRL concentrations
is necessary to evaluate the mechanism by which hPRL ac-
tivates thehPRLreceptor.Referencebloodconcentrationsof
hPRL in nonpregnant adult women vary between 3.8 and
23.2 ng/ml (0.15 to 0.99 nM) (59). Changes of hPRL con-
centrations within this range are observed to influence hu-
man biology and therefore must modulate hPRL receptor
activities. In vitro biological studies of the activity of hPRL
generally provide ED50 values in the nanomolar range.
Clearly, the nanomolar affinity of site 1 is compatible with
changes in blood hormone concentrations modulating the
amount of hormone/receptor heterodimers. The modest on

rate constant is compatible with the modulation of serum
hPRL concentrations in the order of several minutes. The
half-lives of these heterodimeric complexes, as defined by a
slow off rate constant, is compatible with the time frame of
receptor activation. Thus, site 1 binding and the observed
biochemistry and biology appear to be compatible.

The weak affinity of the hPRL/receptor heterodimeric
complex for a second hPRL receptor presents a problem.
The greater than micromolar affinity of site 2 in hPRL and
the rapid apparent on and off rate constants measured in
solution by SPR provide a vanishingly small population of
hPRL/receptor heterotrimers in the context of nanomolar
changes inhPRLconcentrations.Giventheseobservations, it
is difficult to explain how hPRL can create a sufficient pop-
ulationofactiveheterotrimeric ligand/receptor complexes to
modulate the activities of downstream signaling systems
within the observed time frame. Two mechanisms may be
available to reconcile these data. Observed changes in hor-
mone concentrations will modulate the densities of site
1-bound hPRL/receptor heterodimers providing a popula-
tion of lactogens with activated site 2. This first interaction
may serve as the concentration-dependent gatekeeper. As
for binding the second receptor, one possible mechanism
assumes that the rapid site 2 kinetics are both real and
relevant and that activation of the trimeric complex can be
accomplished very rapidly during transient hPRL interac-
tions with a second receptor. This is compatible with JAK2
being constitutively associated with the hPRL receptor
(69). Perhaps formation of a heterotrimeric hPRL/recep-
tor complex rapidly places the two receptors in a stable
active conformer that once formed does not require site 2
binding by hPRL. This would require hPRL receptors to
provide the interaction that maintains their activity. Per-
haps this is accomplished by the S2/S2 receptor binding
interface, but constitutive activities of the �S2 and �10–
186 hPRL receptors (70–72) where this interface is re-
moved indicates that the S2/S2 does not play this role.
Rather other yet to be identified interfaces are required.
Currently, there are no data to indicate that once acti-
vated, receptor dimers without bound hormone either re-
main homodimers or display activity. Thus, this mecha-
nism might be hard pressed to generate biologically
effective concentrations of activated IC second messen-
gers. A second mechanism requires preformed ligand-free
hPRL receptor dimers. Such dimers are present in target
cells (73–75). With a nanomolar site 1 affinity, increases
in hPRL concentrations in the physiological range would
provide significant numbers of hPRL/receptor trimeric
complexes where hPRL was only bound at site 1. But these
heterotrimeric complexes would provide high local con-
centrations of specifically oriented receptors that subse-
quently might bind the activated site 2 of hPRL. In this
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later case, site 2 rates and affinities previously measured by
SPR for site 2 are not relevant. Potentially, this second
mechanism could provide significant densities of activated
heterotrimeric complexes. Although hPRL receptor dimers
have been documented in several cellular models (73–75),
the ability of these receptor dimers to bind hPRL and stim-
ulate activity remain to be directly demonstrated. This sec-
ond mechanism also requires ligands to convert inactive di-
meric receptor pairs to active conformers. Studies showing
hormone-inducedconversionof inactive (hPRLunbound) to
active (hPRL bound) homodimeric forms of the hPRL re-
ceptor have yet to be reported.

The heterotrimeric complex of hPRL and two EC re-
ceptor domains joins these domains through the S2/S2
subdomain interface (20). No data have been reported to
show that these interfaces can join receptors in the absence
of ligand. Clearly some mechanism must be present that
prevents S2/S2 receptor interactions when ligands are ab-
sent. Furthermore, receptor dimers were observed in the
absence of hPRL even when the EC domains have been
removed (73), suggesting that the mechanisms available
for receptor dimerization may differ in the presence or
absence of ligand. Clearly, more studies are required to
identify the structural features required for such a ligand-
mediated mechanism.

Several additional studies utilizing the G129R hPRL an-
tagonists are relevant when considering the mechanism by
which hPRL activates the hPRL receptor. The G129R mu-
tation in hPRL eliminates a critical cavity for receptor bind-
ing at site 2 (16). SPR experiments show that the �1–9/
G129RmutanthPRLdoesnotbindthereceptoratsite2even
at high receptor concentrations, and this ligand does not
form heterotrimeric species (16). In in vitro bioluminescence
resonance energy transfer (BRET) binding experiments, the
signal was increased when cells were treated with wild-type
hPRL but not by the G129R mutant (76), indicating that
binding by both site 1 and site 2 is required for orientating
receptors appropriately for activation. Thus, a site 2 binding
event clearly is required for receptor activation. Taken to-
gether, the mechanism by which binding of site 2 of hPRL
activates the hPRL receptor is unclear.

Finally, the observation of biphasic dose-response curves
for cellular activation by hPRL (77–79) requires reinterpre-
tation in light of the affinities for sites 1 and 2 and the exis-
tence of dimeric ligand-free hPRL receptors. Biphasic dose-
response curves, containing both an agonist and antagonist
phase, were first interpreted to support a mechanism where
hPRL sequentially bound two hPRL receptors creating an
active complex. Very high concentrations of hPRL were suf-
ficient to bind single receptors and deplete the population of
free receptors to such an extent that free receptors were not
available to create active heterotrimeric complexes. If acti-

vation of hPRL receptors occurs by hPRL binding to pre-
formed receptor dimers, then this explanation for biphasic
dose-response curves is not appropriate. The initial binding
event would create a heterotrimeric complex where site 2 of
the receptor-bound hPRL is active, juxtaposed with a second
receptor, and likely to be activated.

Substantial differences in the sequences of hPRL, hGH,
and hPL (Fig. 1B) provide significant functional differ-
ences. Although these three lactogens all form similar long
four-helix bundles, the residues’ side chains displayed on
the surfaces and within the interior of these hormones
create unique chemical mosaics that define their ability to
bind and activate receptors. These unique chemistries also
define the conformers populated by the protein and make
it unlikely that hPRL shares a similar conformer ensemble
when compared with those of either hGH or hPL. Al-
though the general features of receptor binding by these
lactogens are similar, these differences express themselves
as specific and unique binding mechanisms and indicate
that even when binding the same receptor (or the hGH
receptor), hPRL, hGH, or hPL cannot be used as reliable
models for each other and that an understanding of their
mechanisms must be discerned by studies of individual
hormones. Neither hGH/hGH receptor nor hEPO/recep-
tor can provide instructive models for the mechanisms by
which hPRL binds the hPRL receptor.

III. Prolactin Receptor

The hPRL receptor undergoes a life cycle. Various isoforms
of the hPRL receptors are produced in specific cell types dur-
ing their differentiation, and the receptors are matured and
transported to the plasma membrane. Receptors bind lacto-
genic hormones creating a heterotrimeric complex that
changes the structureof theECdomainsandpromotes trans-
mission of a structural change to the IC domain. These struc-
tural changes modulate receptor activities. Activated IC do-
mains control various signaling pathways, amplifying IC
signaling. This amplification process is subsequently regu-
lated by various processes. Finally, the receptor is removed
from the plasma membrane. In this section, we will discuss
the structure of the hPRL receptor and how ligand binding
promotes activation.

Description of structures, identification of functionally
important motifs, and identification of the molecules of
signal transduction have made important contributions to
our understanding of the hPRL receptor’s function in the
last several decades. The identity of molecules involved in
these processes has shown continual progress (5) and is
likely to continue to evolve. But the molecular mechanisms
by which these molecules interact and modulate function
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have not been well described. Such information is required
to place the hPRL receptor into the broader mechanistic
framework of this protein family, to design agonists and
antagonists that influence signaling pathways, and to un-
derstand the mechanisms by which mutations influence
function.

A. Prolactin receptor: sequence, isoforms, and structure

The hPRL receptor is a class 1 receptor composed of
three major domains; EC, TM, and IC. The hPRL receptor
is found in several isoforms produced by differential RNA
splicing or posttranslational cleavage (Fig. 2) (70, 80–85).
These structural variations are observed in either the EC or
IC domains, with the TM domain being identical in all
reported isoforms. Differential splicing of the IC domain
has created the long (80), intermediate (81), and two short
forms of the hPRL receptor (82, 84). The mature long form
is the largest of the hPRL receptors, containing 598 resi-
dues including a 210-residue EC domain, a 24-residue TM
domain, and a 364-residue IC domain. Variants of IC do-
mains of the hPRL receptor appear to modulate the IC
signaling systems in distinct fashion. These properties of the
receptors are currently being identified and have been re-
cently summarized (86). Significant functional differences
are observed for EC domain variants that lack either the S1
subdomain(�S1) (83)ortheS2subdomain(�S2) (70).Single

amino acid mutations are reported for the hPRL
receptor and are associated with functional
changes (87, 88). In addition, EC domains are
found in the blood where they may function to
buffer rapid changes in the concentration of free
hPRL (85). Fewer splice variants have been re-
ported forhGH(89–93)orhEPO(94) receptors,
and these isoforms are largely dissimilar to those
describedfor thehPRLreceptor.Thesestructural
differences among the receptor isoforms imply
that variants of each class 1 receptor may per-
form unique functions.

The EC domain of the hPRL receptor is well
conserved among mammals (Supplemental Fig.
3A). It is composed of two subdomains (S1 and
S2, also referred to as D1 and D2, respectively).
Each subdomain contains a seven-strand antipa-
rallel �-sheet fibronectin III motif (95) (Fig. 2C
and Supplemental Fig. 4). A short proline-rich
sequence (residues 101–106, VQPDPP) is be-
lieved to be a nonstructured hinge linking a ter-
minalone-turnhelix in theS1subdomainandthe
�-strand A� initiating the S2 subdomain. The
flexibility of the hinge, restrictions introduced by
theprolines,andtheutilityof thismotif remainto
be explored. The S1 subdomain contains two
highly conserved disulfide bonds (cysteines 12

and22andcysteines51and62).Thesedisulfidesareretained
among class 1 receptors, but their locations are not identical
among hPRL, hGH, and hEPO receptors (Supplemental Fig.
3B). hGH receptors contain a third disulfide loop. Removal
of any of the disulfide bonds in hPRL receptors eliminates
both ligand-mediated activation (96) and biological ac-
tions (97). In addition, an unpaired cysteine is present in
the EC domain of the hPRL receptor at position 184 in the
S2 subdomain, 26 residues from the TM domain but close
to both the receptor’s Zn2� half-site (D187 and H188) and
the WSAWS motif (residues 191–195). Unpaired cysteines
in the hPRL receptor at positions 184, 225, and 242 are
involved in the formation of redox-sensitive hPRL recep-
tor dimers (74). hPRL treatment does not appear to in-
crease either the population of redox-sensitive dimeric
hPRL receptors or increase their tyrosine phosphorylation
(W. Liu and C. L. Brooks, submitted for publication). The
S2 subdomain of hGH and hEPO receptors contain a sin-
gle unpaired cysteine, but at different positions than the
hPRL receptor. Cysteine 240 of hGH is only four residues
from the TM domain (residues 245–267) and participates
in the formation of hGH-induced disulfide-linked recep-
tor dimers (98–100). The single unpaired cysteine in
hEPO is 45 residues from the TM domain (residues 228–
249). Disulfide-linked hEPO receptor dimers have been

Figure 3.

Figure 3. A, Hydrophobicity plot of hPRL receptor TM domain. B, Sequence

comparison of hPRL, hGH, and hEPO receptor TM domains.
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reported (101). Neither hGH nor hEPO contains cysteines
either in the TM domain (analogous to C225) or between
the TM domain and Box 1 (analogous to C242) as ob-
served in the hPRL receptor. Thus, it is not surprising that
hPRL or hGH disulfide-linked receptor dimers may serve
different functions. The hPRL receptor’s WSXWS motif
(residues 191–195) is found in both hGH (residues 221–
225) (although a less than canonical sequence) and hEPO
receptors (residues 212–216) (Supplemental Fig. 3B).

Several functional epitopes for the receptor’s interface
for site 1 of hPRL have been identified by mutagenesis
(102). Structural epitopes of the hPRL receptor that form
an interface with site 1 are present in strands E and G as
well as loops 1, 3, and 5 of S1 subdomain; several addi-
tional epitopes are found in the S2 subdomain in loops 2�

and 6� (20). Loop 6� includes the Zn2� half-site and the
WSAWS motif. The structural epitopes for site 2 and the
receptor/receptor interface in the S2 subdomains are de-
scribed for hPRL bound to the EC domain of the rat re-
ceptor (18). Overlapping but nonidentical sets of residues
form the rat receptor’s structural interfaces for sites 1 and
2 for hPRL. Similar but nonidentical sets of receptor res-
idues form the S2/S2 subdomain interface when the rat
receptor is bound by hPRL (20), ovine PL (25), or a hybrid
ligand (18). The sequence (residues 155–173) containing
many of the residues of the S2/S2 subdomain interface in
the rat receptor are modestly conserved in the human
hPRL receptor (63%). The role of this interface in signal
transduction is unclear, but several mutations are shown
to reduce the S2/S2 subdomain affinities of EC domains of
the rat receptor (20). In the absence of ligand, there are no
reports of receptor/receptor binding through S2 sub-
domains of the hPRL receptor, implying that these sur-
faces are either inaccessible or disorganized in the absence
of bound ligand. The S2/S2 interface residues of the hPRL
receptor are not conserved in the hGH receptor (103).
Identification of the hPRL receptor’s structural and func-
tional epitopes for both site 2 and the S2/S2 subdomain
interfaces as well as their free energy contributions remain
to be determined for the human proteins. In these inter-
faces, several tryptophans and H188 are important for
hPRL receptor function (19, 20).

The EC domain of the PRL receptor is glycosylated.
Attachment of sugars to the rat PRL receptor was first
indicated by its binding to concanavalin A-Sepharose
(104) and was confirmed during sequencing of the protein
(105). The EC domain of the hPRL receptor contains six
asparagines: residues 16, 35, 60, 80, 83, and 209. Aspar-
agines 16 and 209 are poorly conserved in other mamma-
lian PRL (Supplemental Fig. 3A), but the other four as-
paragines are generally conserved. When asparagines 35,
80, and 108 in the rat PRL receptor are mutated to aspartic

acid, the activation of the receptor is not eliminated, but
the transport of the protein to the plasma membrane is
restricted (106). Potential N-glycosylation sites are not
conserved in receptors for hPRL, hGH, and hEPO (Sup-
plemental Fig. 3B). Neither the structure nor variation of
the polysaccharides associated with the hPRL receptor has
been reported.

Evaluation of natural and man-made variants of the EC
domain of the hPRL receptor is instructive regarding the
structural elements necessary for hPRL receptor function.
Removal of the S1 subdomain [�S1, residues 1–100 (83)
or residues 4–102 (70)] (Fig. 2) provides a receptor with
either reduced or no apparent affinity for hPRL, respec-
tively. This is consistent with structural data showing that
the majority of ligand contacts are provided by the S1
subdomain (19). But despite deletion of the S1 subdomain,
the receptor still contains all features necessary for acti-
vation, albeit at significantly higher ligand concentrations.
These data indicate that the S1 domain is largely involved
in ligand binding and may not contain structures required
for subsequent receptor activation. When residues 106
through 206 (�S2, Fig. 2) are removed, the hPRL receptor
gains constitutive activity when measured by BRET sig-
naling or by cellular proliferation assays (70), suggesting
that the S2 subdomain (which includes the S2/S2 interface,
several residues binding sites 1 or 2 of hPRL, C184, the
Zn2� half-site, and the WSAWS motif) is not required for
receptor activity. When both the S1 and S2 subdomains
are removed (�EC, residues 1–210 removed) (70, 73), the
receptor cannot be activated but is capable of forming
ligand-independent dimers (73). Surprisingly, when resi-
dues 10–186 are removed (�10–186), the hPRL receptor
is constitutively active (71). Thus, removal of residues con-
stituting the interfaces for sites 1 and 2, the S2/S2 sub-
domain interface, and C184 (but not the removal of either
the Zn2� binding site or the WSAWS motif) indicates that
these features are not required for receptor activity. Re-
moval of residues 10–186 negates the requirement for
ligand, suggesting that a ligand-specified orientation of
two receptors is not required for activation. Furthermore,
if one assumes that dimerization of receptors is required
for activity, these data demonstrate that formation of ac-
tive hPRL receptor dimers can occur without ligand bind-
ing and does not require most of the EC domain to form
active dimers. Similar results were observed with deletion
of residues 103 through 203 of the rabbit PRL receptor
producing a constitutively active receptor (72). This de-
letion in the rabbit PRL receptor leaves the S1 subdomain
as well as the Zn2� binding site and the WSVWS motif but
eliminates the conserved single cysteine of the S2 sub-
domain. Finally, both the I76V and I146L mutations of
the hPRL receptor provide a species with constitutive ac-
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tivity (87, 88); these residues fall within sequences whose
elimination displays constitutive activity. The mecha-
nisms remain to be identified by which these mutations
produce constitutive activity. These various deletion and
mutation experiments suggest that the many elements of
the EC domain are not required for activation of the re-
ceptor. They also allow for the possibility that activity of
the PRL receptor is inhibited by elements of the EC domain
in the absence of ligand; either removal or changes within
these elements or ligand binding provide activity. Finally,
if receptor dimerization is required for activity and ligand-
directed dimerization is not required, then other structural
features must provide an interface that creates functional
receptor dimers.

These data suggest that the precise orientation of re-
ceptor dimers needed to activate receptor pairs is not pro-
vided by the binding of the ligand. The nonspecificity of
the EC domain in receptor activation is also supported by
the observation that chimeric receptors, where the native
EC domain has been replaced with that from the human
granulocyte-macrophage colony stimulating factor (GM-
CSF), can be activated by exposure to GM-CSF (107). An
imprecise connection between EC and IC domains is con-
sistent with our observation that alanine additions at the
interface of the EC and TM domains of hPRL do not in-
fluence the ability of hPRL to activate the receptor (75).
Although the EC domain clearly influences activity of the
IC domain, none of these data provide the mechanism by
which the EC domains physically couple receptors or
transmit a signal to the IC domain.

The TM domain (residues 211 through 234) of the
hPRL receptor is predicted to be a helix, as are all TM
domains, but no data are available for the hPRL receptor
to confirm this prediction, provide structural detail, de-
termine stability, or describe changes in the TM domain
associated with hPRL receptor activation. The TM se-
quence of hPRL receptor is unique when compared with
the TM of either hGH or hEPO receptors (Fig. 3). The
hPRL receptor TM domain provides a hydrophobicity
plot with distinctly symmetrical features including con-
served charged residues at the N (D210) and C (K235)
termini, tryptophans at positions 214 and 230, and a cen-
tral cysteine at position 225. These features are not re-
tained in the TM of either the hGH or hEPO receptors (Fig.
3 and Supplemental Fig. 3B) but are retained in PRL re-
ceptors from various mammalian species (Supplemental
Fig. 3A). Binding between TM domains provides one
mechanism to create ligand-independent receptor dimers
(73). Removal of either the EC or IC domain does not
eliminate ligand-independent hPRL receptor dimers; thus,
it is believed that the TM is most important when forming
ligand-free hPRL receptor dimers. The TM sequence con-

tains elements of a leucine zipper (108, 109), a motif ca-
pable of dimer formation (110). The hPRL receptor resi-
dues responsible for dimerization remain to be identified,
and their role in transmission of the lactogen signal from
the EC domain to the IC domain remains to be identified.
Elements of a leucine zipper motif are also observed in the
TM domain of other cytokine receptors (111, 112). In the
hEPO receptor, abolishing receptor dimerization with
mutations in the TM domain reduces the efficiency of sig-
nal transduction (113). Several studies have resulted in
different views regarding the importance of TM domain
dimerization for the hGH receptor (111, 114).

A discussion of the structures and activities of the var-
ious IC domain isoforms of the hPRL receptor is beyond
the scope of this review. Thus, I will limit discussion to the
long form (598 residues) of the hPRL receptor. There are
no x-ray or NMR structures for the IC domain for any of
the isoforms of the hPRL receptor (or of the IC domains for
any class-1 cytokine receptors). The sequence of the long-
form IC domain analyzed by computational methods sug-
gests that several areas of secondary structure may exist
(my unpublished observations) primarily in the N-termi-
nal sequence of the IC domain, but no x-ray, NMR, or
biophysical data are available to support this prediction.
The IC domain is predicted to contain large areas of un-
structured sequence when analyzed by the method of Uve-
rsky et al. (Ref. 115; and my unpublished observations).
Furthermore, Ren et al. (116) have observed that motifs
such as those binding SH2 domains are preferentially
found in unstructured sections of proteins. These obser-
vations may explain the lack of structural information for
the IC domain and raise the question whether activation or
binding of various signaling proteins promotes structuring
of the IC domain.

Approximately the first 60 residues of the IC domain are
predicted to contain secondary structures (117, 118) (my
unpublished observations) and are known to contain Box 1,
VBox,andBox2.The first100residuesof the ICdomainare
largely conserved in mammalian hPRL receptors (Supple-
mental Fig. 3A), and several motifs have been described that
are conserved in other class 1 receptors (119, 120), including
Box 1 and Box 2. The proline-rich Box 1 motif (IFPPVPGP,
residues 243–250) is required for JAK2 binding (121). Mul-
tiple cis-trans proline conformers have been observed in
model Box 1 peptides (122), but the role of these proline
conformers in modulating JAK2 binding or receptor func-
tion has not been determined. A role for proline isomeriza-
tion has been suggested to regulate hPRL receptor activity
(14, 123).

Box 2 (VEYLEVDDSEDQH, residues 288 –300) is
located C-terminal to Box 1 and may influence the bind-
ing of JAK2 to the hPRL receptor, but this remains to be
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investigated in hPRL receptors. The 37 residues between Box 1
and Box 2 are called the V Box, and the residues immediately
C-terminal to Box 2 are termed the X Box.

Activationof the longformofthehPRLreceptorby ligand
binding is mediated by tyrosine kinases including JAK2
(124), Fyn (81, 125), and Raf-1 (126), as well as other sig-
naling pathways (5), most notably the STAT, MAPK, and
inositol trisphosphate pathways, and VAV (127). The IC
domainof the long-formhPRLreceptor contains10 tyrosine
residues. Phosphorylation of IC tyrosines creates binding
sites for various members of the 110-member Src homol-
ogy protein 2 (SH2) protein family (128, 129). The spec-
ificity of SH2 protein binding to phosphotyrosines is in-
fluenced by the surrounding amino acid sequences.
Unfortunately, our understanding of the amino acid se-
quences influencing binding of specific SH2 proteins is
incomplete; thus, we cannot predict which members of the
SH2 protein family are likely to bind the phosphorylated
hPRL receptor. Based on what is known of binding sites
for SH2 proteins, it is highly probable that variations in the
binding sites’ amino acid sequences observed in various
receptor types and among various species will define the
kinetics and half-lives for specific SH2 protein binding to
various phosphotyrosines in class 1 receptors and provide
unique functional characteristics to each type of receptor.
The number of tyrosines, their positions, and sequences sur-
rounding the various IC domain tyrosines in hPRL, hGH,
and hEPO receptors (Fig. 4) are not conserved; thus, identi-
fication of the receptor binding sites for SH2 proteins will be
impossible to translate between the various class 1 receptors.
hPRL receptor binding by several SH2 proteins has been
identified largely by coimmunoprecipitation experiments.
The inability of this technique to identify weakly bound or
rapidly dissociating proteins leaves open the possibility that
additional SH2 proteins may be members of the hPRL re-
ceptorcomplex.WorkintherathPRLreceptorhas identified
several sites for tyrosine phosphorylation (130, 131). To
date, only two tyrosine residues have been identified as phos-
phorylationsites (Y522andY587) inratPRLreceptor (132).
Both of these sites are conserved in the hPRL receptor. Based
on the number of SH2 proteins known to associate with the
hPRL receptor and their binding sequences, these tyrosines
are unlikely to represent the complete in vivo set of phos-
phorylations of the hPRL receptor. No studies have ad-
dressed this problem in the hPRL receptor using state-of-
the-art peptide mapping and mass spectrometry (133,
134). Thus, mapping the proteins that compose the
hPRL receptor complex and identification of their re-
ceptor-binding sites by either a better-informed predic-
tive approach or an experimental approach needs fur-
ther investigation.

Of the 10 tyrosines in the IC domain of the hPRL re-
ceptor (Fig. 4 and Supplemental Fig. 3), approximately
half are retained between the aligned sequences of mam-
malian hPRL receptors (Y237, Y406, Y485, Y522, and
Y587). The amino acid sequences surrounding these IC
tyrosines are highly varied. Of the 10 residues surrounding
each conserved tyrosine, between two and eight are re-
tained (average, 5.6) in mammals, whereas between zero
and eight of the surrounding residues were retained for the
nonconserved tyrosines (average, 4.6). These data indicate
significant variation between species in the possible phos-
phorylation sites and serve as a caution when projecting
findings between the PRL receptors from various species.

There are no recognizable similarities between the pat-
tern of IC tyrosines or their surrounding sequences in the
hPRL receptor when compared with sequences in either
the hGH or hEPO receptors (Fig. 4). Considering that
these receptors use several common signaling systems, it is
surprising to find so few similarities. Such sequence dif-
ferences suggest that the molecular recognition for the var-
ious IC signaling systems are likely to display highly nu-
anced kinetics that are unique for each class 1 receptor.
Finally, threonine residues in the hPRL receptor are phos-
phorylated, including T349 (135) and T515 (136); phos-
phorylation of these residues creates binding sites for 14-
7-7 proteins (137) and cAMP-responsive element-binding
protein (CREB protein) (138), respectively. Serine phos-
phorylation increases with hPRL stimulation (T. J. Gor-
don and C. L. Brooks, unpublished observations). The
identity and functional role of these nontyrosine phospho-
rylations remains to be completely understood. Serine/
threonine phosphorylations adjacent to tyrosines may
function as regulatory processes that influence phosphor-
ylation of nearby tyrosines or binding of SH2 proteins.

The pattern of cysteine residues in PRL receptors from
various mammalian species is maintained in both the EC
and TM domains but are poorly conserved in the IC do-
main (only three of the 10 cysteines are conserved) (Sup-
plemental Fig. 3A). The cysteines found in the IC domain
of the hPRL receptor are not conserved in either the hGH
or hEPO receptors (Supplemental Fig. 3B).

The picture that emerges from these similarities and
differences is that the hPRL receptor has substantially
evolved from the other human class 1 receptors. Al-
though the hPRL receptor retains similarities to those of
other mammals and to other class 1 human receptors,
the details of the functionally important IC tyrosines are
quite different. It remains to be determined whether
these differences represent a fine-tuning of the various
signaling systems or whether these differences are irrel-
evant to function.
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B. What are the mechanisms that activate the

prolactin receptor?

Activities of the hPRL receptor can be divided into four
related sets of processes. First, increases in hPRL concen-
trations promote binding to monomeric or dimeric forms
of the hPRL receptor and induce structural changes in the
EC domain of the hPRL receptor. The sum of these reac-
tions forms a ligand/receptor complex. Second, the ligand-
induced structural changes in the EC domain transmit
structural changes to the IC domain. These changes in the
structure of the IC domain promote several processes that
allow activation of the receptor. Third, the activated IC
domain engages the molecules of various signaling systems
that modulate cellular processes. These reactions produce
stoichiometric amplification of the various IC manifesta-
tions of the hPRL signal. Fourth, the sum of these reactions
are modulated and eventually terminated. The complete
set of these processes is not understood for any class 1
ligand/receptor system and to a greater or lesser extent
may be unique to each member of this receptor class. I
intend to address the first two sets of processes: complex
formation and signal transmission/activation.

1. Ligand/receptor binding and formation of an active

EC complex

Twenty years ago, the mechanism for class 1 receptor
activation was believed to be a ligand-driven dimerization

of two receptors (139–141). Receptor
proximity was the key feature required
for JAK2-mediated transphosphoryla-
tion of the IC domains. Several lines of
evidence, including structural studies
(18, 20), stoichiometric studies (26),
biophysical studies (27, 28), mutagenic
studies (16), and functional studies
(77–79), are interpreted to support this
mechanism of complex formation.

Several lactogenic hormones (142),
dimeric wild-type or G129R hPRL, di-
meric wild-type or G120R hGH (143),
and several dimeric antibodies (144,
145) are able to activate the hPRL re-
ceptor. In addition, replacement of the
EC domains of hPRL receptors with
those from other class 1 receptors pro-
duced hybrid receptors able to be acti-
vated by these alternative ligand/EC
domain pairs (107, 146). Despite the
diverse structures of these ligands, each
can form an EC complex capable of ini-
tiating biological actions. These data
suggest that a degree of structural free-
dom is available in creating EC com-

plexes capable of signal transmission to the IC domain.
Taken together, these studies are consistent with a mech-
anism where the key is ligand-mediated formation of re-
ceptor dimers. The observation of a biphasic dose-re-
sponse curve in in vitro cellular studies (77–79) is
consistent with the ligand-mediated receptor dimerization
model. In the cases of hGH and PL and their receptors,
structural (25, 103), stoichiometric (141), and mutagenic
(147) studies also support the requirement for ligand-me-
diated receptor dimerization. Similar phenomena are ob-
served with dimers of wild-type and G120R that activate
the hGH receptor (100).

More recently, preformed ligand-independent hPRL
receptor homodimers and heterodimers have been sug-
gested as a mechanism by which hPRL activates receptors
(14, 148, 149). These dimeric hPRL receptors may be in
equilibrium with receptor monomers in the plasma mem-
brane. The speed by which ligands activate receptors is
said to support this mechanism; it is argued that without
preformed receptor dimers, the time required for hPRL/
receptor heterodimers to laterally diffuse within the
plasma membrane, subsequently bind a second receptor,
and activate the complex is too long to account for the
observed time of receptor activation. This is a plausible
argument, but no studies have provided supporting evi-
dence. Would ligands activate hPRL receptors in a similar

Figure 4.

Figure 4. Comparison of IC tyrosines in hPRL, hGH, and hEPO. The relative lengths of the IC

domains are shown in blue. The location of each tyrosine in the complete sequence of the

mature protein is shown and underlined in the associated sequence of the surrounding

residues. The relative locations of each tyrosine are indicated by the green lines.
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time frame if mutations created receptors that do not form
dimers in the absence of ligands? Alternatively, hPRL-free
receptor dimers may be formed by ligand binding and sub-
sequent ligand dissociation, presumably creating inactive re-
ceptor dimers. Such complexes may await removal from the
plasma membrane by ubiquitination and internalization
(150). Additional studies are needed to resolve the role of
ligand-free dimers of hPRL receptor. Perhaps receptor acti-
vation occurs through both mechanisms—ligand-mediated
receptordimerizationandthe ligandactivationofpreformed
receptor dimers.

Based on the evidence, the TM domain provides the pri-
mary interface for ligand-independent hPRL receptor dimer
formation (73). Qazi et al. (74) have shown formation of
both homo- and heterodimer receptors of long and short
forms of the hPRL receptors. hGH receptors (111), hEPO
receptors (112, 113), and other receptors also form ligand-
independent dimers through leucine zipper motifs (110) lo-
cated in the TM domain. The residues responsible for for-
mation of hPRL receptor dimers remain to be identified.

The mechanism for the ligand-mediated activation of
preformed hPRL receptor dimers must be considered. Pre-
formed hPRL receptor dimers must be held in “off” (in-
active) conformers presumably by the TM/TM binding
interface. Ligand binding to the EC domain would be re-
quired to provide the energy to break this inhibitory
TM/TM domain interface and allow formation of active
conformers of the dimeric hPRL receptor. The “on” con-
formers of hPRL receptors may be defined by the site 1, site
2, and S2/S2 subdomain interfaces. This model relies on
the formation of ligand-free hPRL receptor dimers (73,
74) and offers a mechanism where rapid kinetics and dif-
ferential affinities for receptors at sites 1 and 2 of hPRL are
reasonable. The creation of constitutively active hPRL re-
ceptors when residues 10 through 186 are removed does
not support this model because the residues that form the
receptor interfaces for sites 1 and 2 as well as between the
two S2 subdomains are not present. These data argue for
a more complex mechanism or that receptors can be ac-
tivated by two independent mechanisms. Finally, hPRL
binding to preformed hPRL receptor dimers has not been
demonstrated.

A variation of the preformed dimer mechanism may
explain a greater portion of the current data. This mech-
anism would require the EC domains to prevent formation
of active hPRL receptor dimers in the absence of ligand.
This inhibition of receptor activity would be removed ei-
ther by hPRL binding or by removal of elements of the EC
domain necessary for inhibition. The structure of the EC
domain may support such a hypothesis where the hinged
S1 subdomain could function as an inhibitory domain that
is removed from an inhibitory position by ligand binding.

This theory is supported by the observation that removal
of most of the EC domain (�10–186), including the res-
idues involved in binding sites 1 and 2 interfaces as well as
residues of the S2/S2 interface, provides a constitutively
active hPRL receptor (71). But this notion is not supported
by the observation that removal of the S1 subdomain does
not create constitutive receptor activity (70, 83). Further-
more, removal of the entire EC domain (�1–210) elimi-
nates both constitutive and hPRL-induced activity. These
data suggest that some elements of the EC domain are
necessary for hPRL receptor activity. The activity of the
�10–186 hPRL receptor also demonstrates that ligand
binding is not required to create active hPRL receptors
when the majority of the S1 subdomain is removed. Cur-
rently, it is not known whether �10–186 hPRL receptors
form dimers in the absence of ligand. Based on the con-
stitutive activity of �10–186 receptors, one would assume
ligand-independent dimer formation as previously shown
for the �1–210 hPRL receptor (73), but this ligand-inde-
pendent dimerization remains to be demonstrated. Be-
cause the structural differences between the �10–186 and
�1–210 hPRL receptors must account for their functional
differences, then elements within these short sequences
(residues 1–9 and 187–210) appear necessary for hPRL
receptor activity; they include a proline-rich N-terminal,
C185, the Zn2� half-site, and the WSAWS motif.

The structural differences between hormone-bound
and hormone-free hPRL receptor dimers need to be de-
termined. Description of the hPRL-induced structural
changes may reveal the mechanism by which the receptor
transmits its signal from the EC to the IC domains. Ad-
ditional biophysical and mutagenic studies are required to
support or dismiss these various mechanisms. Perhaps
both hPRL receptor monomers and preformed dimers can
be activated by ligand binding.

2. What mechanisms transmit the hPRL signal from the EC

to the IC domains?

Activation of hPRL receptors requires a signal be trans-
mitted from the EC domain to the IC domain. Normally,
ligand binding must induce structural changes in the EC
domain that either induce or allow structural changes in
the IC domain that promote the well-described IC bio-
chemistry. Generally, we have thought about potential
mechanisms as nanoscale machines. Several mechanisms
have been proposed for hGH and hEPO receptors: a piston
model, a scissor model, and a rotation model. The piston
model is based on structural studies of ligand/EC domain
heterotrimers (103). Two receptors are offset along the
z-axis (perpendicular to the presumed plane of the
plasma membrane), suggesting that ligand binding
causes a piston movement that may be associated with
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receptor activation. A similar piston-like offset can be
observed in the hPRL-bound rat dimeric EC domain
structure (18). But it remains to be shown that ligand
binding induces a piston movement relative to the
plasma membrane or whether receptor dimers display a
similar offset in the absence of ligands. Thus, piston
movements of the hPRL receptor have yet to be related
to ligand-induced receptor activation.

The scissor model is based on two structures of dimeric
EC domain of the hEPO receptor with or without bound
ligand (151, 152). The structures show large changes in
the orientation of hEPO’s EC domains that are consistent
with hEPO-mediated repositioning of the IC domains.
There are no structural studies of the hPRL receptor that
support this mechanism, but BRET data (76) showing an
increased proximity of the receptors might be consistent
with the scissor mechanism.

Finally, a rotation model has been proposed as the mech-
anism by which ligand binding activates several class 1 re-
ceptors. This model argues that a ligand-induced z-axis ro-
tation of the receptor dimers’ IC domains relative to each
other is responsible for receptor activation. Data supporting
this rotational model are based on mutagenic studies per-
formed in the hGH and hEPO systems. Addition of alanine,
a residue with a high propensity for helix formation, extends
theTMdomainhelicesrotatingtheICdomainsrelativetothe
TM domain (111, 153–155). This mechanism assumes that
noncovalent interactions in TM/TM interfaces hold the re-
ceptors in either “off” or, in the presence of ligand, “on”
conformers in the absence of ligand. Thus, alanine additions
rotate the IC domains relative to the dimeric TM domains
and rotate the IC domains relative to each other to provide
the “on” or “off” conformers. With a specific number of
inserted alanines, the activities of hGH-free hGH receptors
are increased (111), and the ligand-induced activity of hEPO
receptors are reduced by specific alanine additions (156).

Some alanine additions to either the hGH or hEPO
receptors provided changes in receptor activity, but many
of the alanine additions did not change either the consti-
tutive or ligand-induced activity of these receptors. These
data suggest that only specific orientations of the IC do-
mains provide receptor activity (113, 157). The structural
specificity required to activate hGH receptors appears to
be inconsistent with the promiscuity of the hPRL receptor
suggested by the variety of ligands and mechanisms
known to induce activity.

To investigate the rotation model in the hPRL receptor,
we have performed expanded alanine addition experi-
ments (75). Between one and four alanines were intro-
duced at the junctions of either the EC/TM or TM/IC do-
mains, or immediately N-terminal to Box 1 to extend
the TM helices and rotate the domains relative to each

other. In a separate experiment, we added glycines at the
junction of the TM/IC domains, providing increased
flexibility between these domains to test whether a fixed
orientation of the IC domains is required for activity.
When these various hPRL receptors were expressed in
293T cells, constitutive activity was not observed for
any of these mutants, indicating that the data did not
support a rotation mechanism at the orientations in-
vestigated. When each of these mutant hPRL receptors
was stimulated by hPRL, phosphorylation of the hPRL
receptor tyrosines was observed, demonstrating that
none of the receptor orientations provided by the var-
ious alanine insertions produced receptors unable to be
activated by ligand. This is particularly important for
the glycine insertions where fixed structural relation-
ships between the TM and IC domains as well as the
structural relationships between the two IC domains of
dimeric hPRL receptors would be disrupted.

But the amount of spatial freedom between IC domains
of hPRL receptors does have limits; although increasing
glycine additions in hPRL receptors all can be activated by
hPRL, each additional glycine reduces the extent of recep-
tor tyrosine phosphorylation. Hormone-induced proxim-
ity appears to be less stringent for hPRL receptors than for
either hGH or hEPO receptors.

3. What mechanisms activate the IC domain?

Once IC domains are positioned to create active hPRL
receptor conformers several additional processes for IC
activation have been identified.

a. Prolyl isomerase-mediated activation. Peptidyl prolyl
isomerase-A (124, 158) has been shown by coimmunopre-
cipitation and Western analysis to bind the hPRL receptor
(159). Furthermore, inhibition of prolyl isomerases with cy-
closporine or suppression of prolyl isomerase-D expression
with inhibitory RNA reduces hPRL-mediated signaling
(148, 160). These data imply that prolyl isomerase may be
involved in regulating hPRL receptor conformers, but it is
not clear whether prolyl isomerases are required for the
proper folding and delivery of hPRL receptors to the
plasma membrane (a chaperone function) or whether
prolyl isomerases are a mechanism for modulation of the
activities of the hPRL receptor (a molecular switch func-
tion) (124); prolyl isomerases may be required for both
functions. Proline 334 (P310 in the mature protein) ap-
pears to be a site of peptidyl prolyl isomerase-A action in
the activation of the hPRL receptor. P334 is located in the
X Box of the IC domain. A P344A mutation reduces the
intensity of STAT5A phosphorylation when expressed in
293 cells (160). If prolyl isomerases participate in hPRL-
induced receptor activation, then several issues need to be
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resolved to support this hypothesis. First, the mechanism
by which lactogen binding modulates the activity of hPRL
receptor-associated prolyl isomerases and induces
changes in receptor activities needs to be determined. Sec-
ond, the hPRL-mediated ability of prolyl isomerase to
change the proline conformers must be demonstrated in
the hPRL receptor.

b. Acetylation-mediated activation. Recent work by Ma et al.

(136) identified a new hPRL-induced dimerization mech-
anism mediated by lysine acetylation of the IC domain.
The authors argue that acetylation-mediated neutraliza-
tion of positively charged lysines removes a repulsion of
the IC domains and allows their juxtaposition and acti-
vation. Acetylation of the IC domain lysines requires phos-
phorylation of T539 (T515 in the mature protein) to bind
CREB-binding protein, which contains the necessary
acetylase activity (138). The identity of the serine/threo-
nine kinase that phosphorylates T539 and the mechanism
by which hPRL regulates T539 phosphorylation remains
to be described. Earlier work by the same group identified
a similar CREB-binding protein-mediated acetylation of
interferon receptors (161). No similar mechanism has
been described for either the hGH or hEPO systems.

c. Disulfide activation. The hGH receptor requires forma-
tion of a ligand-induced intermolecular disulfide bond im-
mediate to the EC/TM junction (98–100). The hPRL re-
ceptor does not have a similar mechanism. We have
replaced each of the 12 C-terminal cysteines with serines,

leaving the required four N-terminal disulfide cysteines
unmodified, to determine the requirement for these resi-
dues (W. Liu and C. L. Brooks, submitted for publication).
Replacement of these cysteines eliminated the formation
of redox-sensitive hPRL receptor dimers, but these muta-
tions did not reduce the ability of hPRL to increase ty-
rosine phosphorylation of these receptors. These data
suggest that the hPRL receptor does not require ligand-
induced disulfide-mediated formation of receptor dimers
as does the hGH/receptor pair.

IV. Conclusion

The proteins that constitute the system by which hPRL
induces its actions in various cells are largely described,
but the mechanisms by which their interactions change
their structures and associated functions are poorly doc-
umented. I have critically reviewed selected literature re-
garding the interaction and the associated structural and
functional changes of hPRL and its receptor. I have com-
pared the properties of the hPRL/receptor system with
those of hGH and hEPO. The current literature indicates
that the general features of lactogen binding to the hPRL
receptor are conserved. These similarities include general
domain structures of the ligand and receptor, the binding
stoichiometry of the ligand and receptor, and the signaling
pathways modulated by ligand binding. But the detailed
molecular mechanisms by which hPRL activates its recep-
tor are unique from those of either hGH or hPL. These

Figure 5.

Figure 5. Model for formation of the hormone-bound EC domains, transmission of the hormone-induced signal from the EC to the IC domains,

activation of the IC domain, and IC activation of the signaling pathways for four-helix cytokines and their receptors. Proposed mechanisms for

each of these four steps are listed beneath the schematic. H, Hormone; R, receptor; HRR, heterotrimeric complex; HR*R*, heterotrimeric complex

where EC complex has orientated the IC domains where they may be activated; HR**R**, heterotrimeric complex where the IC domains have

been activated; HRP**RP**, heterotrimeric complex that has activated the IC signaling pathways; IP3, inositol trisphosphate; PKA, protein kinase A.
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include differences in the key interface residues and their
bonding patterns both between and within ligand and re-
ceptor, differences in the receptor isoforms, differences in the
nondisulfide cysteines,differences in thehistidineswithin the
sequenceof the ligandorreceptor,differences in thepotential
phosphotyrosine binding sites for SH2 proteins, and differ-
ences in the mechanisms of signal transduction. These dif-
ferences suggest that an elegant evolutionary development
has produced unique mechanisms that provide a nuanced
regulationof ICsignalingby the threehuman lactogenichor-
mones and the hPRL receptor. In contrast, many of the
structural features of the hPRL/receptor pair are retained
among mammalian species, suggesting that careful appli-
cation of data from animals may facilitate our understand-
ing of the human molecules. The current literature suggests
that several molecular mechanisms for hPRL/receptor acti-
vation can be supported, but descriptions of the various
mechanisms for the critical molecular interactions are in-
complete (Fig. 5). Thus, a molecular mechanism describing
the interaction of hPRL and its receptor is not available to
guide the rational design of hPRL agonists and antagonists.
Information from other class 1 hormone/receptor systems
may not serve as accurate mechanistic models for hPRL/re-
ceptor activation.
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