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Summary
Δ41-52 hPRL (human prolactin with residues 41-52 removed) is a lead compound for a new class
of hPRL antagonists. The deleted sequence contains residues that functionally couple sites 1 and 2,
the two hormone surfaces that each bind receptors. Δ41-52 hPRL retains 0.03% agonist activity in
FDC-1 cell bioassays, a 3,054-fold reduction in activity, and displays approximately 100-fold less
agonist activity than G129R hPRL, an antagonist that reduces the binding of hPRL receptor at site
2 during the formation of the heterotrimeric hormone/receptor complex. Replacement of various
numbers and types of residues into the gap created by the deletion of residues 41 through 52 created
hPRLs with varying agonist activities, suggested that manipulation of the sequence connecting the
C-terminal of helix 1 with the disulfide bond (cysteines 58 with 174) linking helices 1 and 4 modulates
articulation of these helices and influences agonist activity. We have compared the antagonist
activities of G129R and Δ41-52 hPRLs to induce apoptosis in Jurkat cells, a human lymphoid cell
line displaying an autocrine/paracrine hPRL/receptor system. Δ41-52 hPRL induces apoptosis in a
time and dose-dependent fashion. Under these same conditions G129R hPRL fails to induce
apoptosis. We conclude Δ41-52 hPRL is a lead compound of a new class of hPRL antagonists capable
at low concentrations of inducing apoptosis in human cells expressing an autocrine/paracrine hPRL/
receptor system.
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Introduction
Prolactin (PRL) is a hormone regulating mammary growth, development, and lactation in
mammals [1]. It has been described as a mitogen, a hormone regulating differentiation, or,
more recently, a viability factor [2]. In mammals prolactin has been proposed to play a role in
the development and/or growth of breast and mammary tumors [3,4,5]. Human prolactin
(hPRL) is produced as an endocrine hormone by the pituitary and placenta; in addition hPRL
is produced by mammary epithelial cells, breast tumor cells, prostate epithelial cells, lymphoid
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cells, and other cell types [6] where it appears to function as an autocrine/paracrine system.
With hPRL produced by these multiple sources and functioning in autocrine, paracrine, and
endocrine roles, it is difficult to dissect the functions of this hormone using classic ablation
and addition strategies. Additional tools are required to elucidate the paracrine or autocrine
roles of hPRL. Development of hPRL antagonists offers a tool to identify specific functions
of hPRL autocrine and paracrine systems. The development of hPRL antagonists is particularly
of interest because these agents may provide a strategy for reducing the initiation or growth of
cancers by blocking the actions of hPRL [7].

hPRL activates target cells by binding protein receptors that are primarily located within the
plasma membranes of target cells [8]. These class 1 receptors are composed of extracellular
and intercellular domains connected by a single transmembrane domain. Several isoforms of
the hPRL receptor have been identified [9-14]. The functions of these various isoforms vary
and are incompletely described [15]. The most commonly described mechanism activating the
hPRL receptor is for the ligand to bind two receptors creating a heterotrimeric extracellular
complex that also creates a properly oriented dimer of the receptor’s intercellular domains. The
proper orientation of dimeric intercellular domains induced by hPRL binding is associated with
the activation of intercellular signaling pathways. But, receptor dimerization appears to be
somewhat promiscuous; in humans three lactogenic hormones (PRL, growth hormone, and
placental lactogen) and certain divalent antibodies can bind and activate receptors. Recently,
dimeric hPRL receptors have been reported in the absence of hormone [16,17]. The activity
of these ligand-independent dimeric forms has not been reported.

We have recently demonstrated the mechanism by which hPRL binds the extracellular domains
of the hPRL receptor. hPRL binds receptors in a strictly sequential fashion, where the ligand
binds the first receptor inducing a change of the ligand’s conformation that organizes the
hormone surface to create the binding site for the second receptor [18]. Without receptor bound
at the first binding surface of hPRL, the second receptor binding surface does not bind hPRL
receptor. In both human growth hormone (hGH)[19] and hPRL [20] we have identified a
contiguous collection of amino acids that are required to propagate the binding-induced
conformation change between the first and second hPRLr-binding surface of the ligand. This
coupling motif is required for activity as a lactogenic hormone. Interestingly, this coupling
motif is required for the lactogenic activity of hGH, but is not required for the somatotrophic
activity, demonstrating that hGH uses different mechanisms to activate either the hGH or hPRL
receptors. The motif that couples the binding sites of hGH when binding hGH receptors has
recently been described Walsh et al. [21].

Most hPRL antagonists rely on steric hindrance within site 2. The best-documented hPRL
antagonist (G129R) was created by replacing a glycine at position 129 with a more bulky and
charged arginine [22,23]; this residue is believed to be in a pocket of the hormone that binds
the second hPRL receptor. Thus, G129R hPRL binds a single hPRL receptor but is impeded
by steric hindrance from binding a second receptor and forming active heterotrimeric
complexes. Thus, at modest concentrations, it is believed that G129R hPRL binds receptors
with a one to one stoichiometry, sequestering the receptor from functionally productive binding
and activation by endogenous wild-type hPRL. Unfortunately, there are limitations to this
approach. If structural changes, such as G129R, in site 2 of hPRL are not sufficient to eliminate
affinity for the second receptor, the remaining agonist activity may be sufficient to overcome
antagonism at concentrations required to bind and block all receptors. This is the case with
G129R hPRL where between 1 and 10% of the agonist activity remains. Improvements to the
G129R hPRL antagonist have recently been described [24] where several residues also have
been removed from the N-terminus of the mature protein. An additional hPRL antagonist, a
selective antagonist, has been created by Walker and colleagues [25], but the mechanism by
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which this antagonist selectively modulates the activities of the hPRL receptor remains to be
fully described.

Despite its remaining agonist activity, G129R hPRL has been shown to provide significant
antagonist activities in biological assays. Treatment of cells and animals with G129R hPRL
can inhibit the growth of breast cancer cells, mammary development, and mammary tumor
development. Treatment with G129R hPRL reduces cell viability in several human breast
cancer cell lines, including MCF-7 and T47D [26]. G129R hPRL reduces viability of T47D
cells by inducing apoptosis and increasing the ratio of BAX to bcl-2 in both in vitro [27] and
in vivo [28] model systems. Transgenic mice expressing G129R hPRL had a reduced ductal
branching [29]. After treatment with DMBA (dimethylbenzanthracene, a potent carcinogen)
these mice displayed a reduced rate of mammary tumor development and a delayed the
appearance of tumors. These studies suggest that exposure to hPRL antagonists may reduce
the development of breast tumors and may reduce the viability of tumor cells expressing the
hPRL/receptor autocrine/paracrine system. Therefore, hPRL antagonists have been shown to
be an effective prophylactic tool in models for mammary cancer.

hGH and hPRL share a common four helix bundle structure [30-33] and both activate the hPRL
receptor. hGH is found in 22 kDa and a 20 kDa isoforms in the human pituitary, the larger
isoform has 190 residues, while the smaller isoform has only 175 residues [34]. The smaller
form is produced by alternative splicing of the mRNA that removes the codons for residues 32
through 46 [35]. These residues are located within the C-terminal of helix 1 and extend into
the non-helical sequence connecting helix 1 and the disulfide bond that covalently links this
sequence most directly with helix 4 (cysteines 53 and 165). The structure of 20 kDa hGH is
not known, but based on the structures of 22 kDa hGH [36,37], the loss of the 15 residues
reduces the length of the backbone connecting helices 1 and 4, constraining the possible spatial
relationships between these two helices. Tsunekawa et al. have shown that although 22 kDa
hGH has both somatotrophic and lactogenic activities; 20 kDa hGH retains only somatotrophic
activity [38]. We have confirmed the requirement for residues 32 through 46 for hGH
lactogenic activity and expanded this work into hPRL [39]. We aligned the sequences of hGH
and hPRL and determined that residues 41-52 of hPRL correlate with residues 32 through 46
that are absent from 20kDa hGH. These two segments are not highly conserved (Figure 1). We
have prepared a recombinant hPRL missing these residues (Δ41-52 hPRL, Figure 1) and have
observed that this change provides a significantly larger loss of lactogenic activity than that
observed in 20 kDa hGH (approximately 10,000 fold vs. 200 fold for hPRL and hGH,
respectively)(39) . Interestingly, several of the residues that are removed in the 20 kDa isoform
of hGH and Δ41-52 hPRL are required for lactogenic activity and are part of the motif that is
required to functionally couple this hormone’s lactogenic receptor-binding sites [18-20].

If several of the removed residues are required for the functional coupling of hPRL’s receptor
binding sites, then their removal may not allow the binding-mediated conformational activation
of the second receptor binding site. This fulfills the definition of an antagonist for hPRL, and
constitutes a new class of hPRL antagonists that does not rely on steric blockage of the protein’s
binding surface for a second hPRL receptor, but rather does not allow the formation of the
second receptor-binding surface by uncoupling the structural connection between the first and
second receptor binding surfaces. This appears to be the case for Δ41-52 hPRL where the
remaining agonist activity is reduced greater than 500-fold below that of G129R hPRL, 10,000-
fold below that of wild-type hPRL [39], and the protein functions as an effective antagonist
for hPRL. Thus, the goal of this work is to characterize this new class of hPRL antagonists;
including preparation, structural/function studies, remaining agonist activity, and documenting
an antagonist activity.
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Materials and Methods
Protein Expression and Characterization

Recombinant methionyl proteins, including wild-type, G129R, Δ41-52, and other mutant
hPRLs, were prepared essentially as described by Peterson et al. [40] and Sivaprasad and
Brooks [18]. In this study the residue numbering system starts with the N-terminal methionyl
as residue 0, so that the subsequent residues in wild-type and G129R hPRLs correspond to
those of the native protein. Folding of wild-type and G129R hPRLs was performed as described
in Peterson et al. [40] where, following air oxidation, the pH was brought from 10.5 to 7.5 and
the urea was removed simultaneously by dialysis, followed by purification on DEAE-
Sepharose (GE Healthcare). These proteins were well-folded monomers. Δ41-52 hPRL
required a more involved folding process where the denatured alkaline extract from inclusion
bodies was diluted to reduce dimer formation and subjected to more controlled dialysis to
achieve proper folding. Δ41-52 hPRL was folded by delaying neutralization of the pH from
11 to 7.5 until the concentration of urea had been reduced. It is our belief that by first reducing
the urea concentration allows folding to occur prior to neutralization and the associated
stabilization of the disulfide bonds. Δ41-52 hPRL was purified by DEAE-Sepharose followed
by separation of the monomeric and remaining dimeric proteins were removed by gel filtration
on a 5 × 60 cm column of Superdex 75 (GE Healthcare) in 10 mM NH4HCO3. Δ41-52 hPRL
containing >90% monomer are commonly produced by this folding and purification procedure.
Purified proteins were lyophilized and stored at -30°C.

Each batch of hormone was characterized for purity by SDS-containing polyacrylamide gel
electrophoresis under reducing and non-reducing conditions. In addition, the molecular
weights of each hormone were determined by liquid chromatography/mass spectroscopy
(Micromass Q-TOF II). The spectroscopic signals of the mutant hPRLs were compared with
wild-type hPRL to determine if the folds of mutant hPRLs were similar to the wild-type
hormone. Samples were prepared in 10 mM NH4HCO3 and 150 mM NaCl, pH 8.0 at
appropriate concentrations as determined by the bicinchroninic acid method [41]. Fluorescence
emission was determined with a Perkin-Elmer Model 55 luminometer at room temperature.
An excitation wavelength of 285 nm was used and the emission spectrum was recorded from
300 to 400 nm. Near-UV circular dichroism was measured from 200 to 260 nm using an Aviv
Model 202 circular dichroism spectrophotometer. Absorbance was measured from 240 to 330
nm by a Perkin-Elmer Lambda 45 UV/VIS spectrometer. The thermal stabilities of wild-type
and Δ41-52 hPRL structures were determined by absorbance, fluorescence, and circular
dichroism spectroscopy recorded between 25°C and 95°C.

Mass Spectrometry and Disulfide Mapping
Disulfide bonds in hormones were determined by peptide mapping using trypsin digestion
followed by reverse phase liquid chromatography and mass spectroscopy. Proteins were
suspended in 2 M urea, 10 mM NH4HCO3 and 20 mM iodoacetamide and incubated for 15
minutes in the dark to complete the alkylation of free cysteines [42]. Digestion was
accomplished with trypsin (Pierce) added at a 1:25 ratio and incubated at 37°C for either 4 or
24 hours, peptides were separated by capillary reverse phase liquid chromatography and
injected for mass analysis on a Micromass Q-TOF II or a Bruker reflex III MALDI-TOF
(Campus Chemical Instrumentation Center). MALDI-generated peak lists and MS/MS
generated ion fragment data were analyzed by in-house-software, MASCOT [43], or Protein
Prospector [44] to deduce sequence information.

Engineering the Deleted Sequence
Exploration of the sequence deleted from Δ41-52 hPRL was examined by replacing various
amino acids into the deleted sequence. Deletion of residues 41-52 removed residues from C-
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terminus of helix 1 and the residues that link helix 1 and the disulfide bond, leaving only
residues 52 through 57 to link the C-terminus of helix 1 to this disulfide bond (Figure 1). This
deletion is likely to reduce the mobility of helices 1 and 4 relative to each other. Replacement
of various residues into this deleted sequence can either enhance or reduce the effects of these
structural restrictions. In addition, re-engineering of the deletion may provide a more effective
hPRL antagonist or a protein that provides higher yields during folding. Additions of various
residues within this deletion were performed by site-directed mutagenesis by the method of
Kunkel et al. [45] and are shown in Table 1. Each of these hPRL variants was prepared,
characterized, and tested for biological activity.

Biological Assay to Determine Agonist Activities
Various mutant hPRLs were tested in several cellular assays to determine their remaining
agonist activity or to determine their ability to function as antagonists. FDC-P1 is a mouse
leukemia cell line that had been transformed with the full-length hPRL receptor (a generous
gift from Genentech Inc., South San Francisco). FDC-P1 cells expressing the hPRL receptor
were maintained in RPMI-1640, 10% fetal bovine serum, 400 μg/mL G418, 10 μM 2-
mercaptoethanol, and 2 nM mouse IL-3. Twenty four hours prior to the assay actively growing
cells were starved in RPMI 1640 without phenol red but supplemented with 10% equine gelding
serum, G418 sulfate and 10 μM 2-mercaptoethanol. Twenty thousand cells were seeded in
wells of 96-well plates in starvation media and received increasing concentrations of wild-type,
G129R, Δ41-52, or other hPRLs in triplicate wells. The cells were returned to the incubation
for 48 hours and subsequently evaluated for relative cell numbers by a vital dye method (10
μL Alamar Blue per well, Accumed International)(46). The reduction of the vital dye was
monitored between 2 and 4 hours of incubation at 570 and 600 nm and the percent of reduced
dye calculated as a marker for cell number. This method correlates well with viable cell counts
performed after Trypan Blue staining. The ED50 was calculated for each hormone tested and
the ED50s were expressed as a ratio to that for wild-type hPRL.

Biological Assay to Determine Antagonist Activity
Jurkat cells are a human leukemia cell line [47] and express both hPRL and hPRL receptor
[48]. Jurkat cells are available from the American Tissue Culture Collection
(http://www.atcc.org/). Jurkat cells were grown in RPMI-1640, 15% fetal bovine serum, and
penicillin/streptomycin. Cells were suspended in media at 106 cells/mL and placed in 6-well
or 12-well plates and supplemented in triplicate wells with 0 to 1000 nM of either wild-type,
G129R, or Δ41-52 hPRL. After 24, 48, 72, and 96 hours of incubation the Jurkat cells were
analyzed by flow cytometry for the induction of apoptosis or the presence of necrosis by the
method of Zamzami et al. and Castedo et al. [49,50]. Briefly, documentation of apoptosis used
20 nM 3,3’-dihexyloxacarbocyanine (DiOC6, Sigma) to assess the metabolic state of the
mitochondria by monitoring the mitochondrial transmembrane potential in individual cells by
flow cytometry (Coulter EPICS Elite). The loss of DiOC6 fluorescence is associated with
ongoing apoptosis. In addition the cells were labeled with propidium iodide (PI) to assess
cellular integrity. Increased PI fluorescence in conjunction with reduced DiOC6 fluorescence
is an indication of necrotic cells. Individual cells were excited at 488 nm with a 15mW air-
cooled argon ion laser (Cytonics, Uniphase). DiOC6 fluorescence emission was measured at
525 nm while PI fluorescence emission was measured at 635 nm. In addition, controls were
run at each time point. Viable Jurkat cells, both stained and unstained were used to adjust
gating, forward and side scattering. Jurkat cells not receiving hormone treatment were treated
with either 100 μM carbamoyl cyanide m-chlorophenylhydrazone (m-CICCP, Sigma) to
disrupt the mitochondrial membrane potential or with camptothecin (Sigma) to induce
apoptosis. Only studies where the control cells responded to m-CICCP or camptothecin
treatments were accepted. Fortunately, Jurkat cells are frequently used as control cells in the
DiOC6 assay and in our assays the control cells responded similarly to those in previous studies.
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At the conclusion of cytometric fluorescence measurements, cells were graphed according to
their DiOC6 and PI fluorescence. Gates were set using the control cells and the cells within in
each of four quadrants were enumerated and the expressed as a percent of the total cells.

Results
Expression, Purification, and Characterization of Recombinant Human Prolactin
Antagonists

Multiple batches of eleven recombinant hPRLs were prepared for this study. For wild-type and
G129R hPRL SDS-containing acrylamide gel electrophoresis under reducing conditions
demonstrated monomeric proteins with purities greater than 95%, and predominately
monomeric protein when examined under non-reducing conditions (data not shown). Under
reducing conditions the small amounts of dimeric proteins were entirely converted to
monomers. Mass spectrometry of the proteins provided masses within ±2 Daltons of the
molecular weight calculated from the amino acid sequence at a defined pH.

Thermal denaturation studies of wild-type and Δ41-52 hPRLs, as well as the extracellular
domain of the hPRL receptor provided sharp thermal denaturations indicating a folded protein
and a stable structure under physiological conditions when monitored by absorbance, circular
dichroism, or fluorescence. Monitoring thermal denaturation by absorbance, circular dichroism
(molar elipticity at 222 nm), or fluorescence (λmax) provided similar TMs, suggesting
denaturation occurred in a single-step thermal transition. The α-helix dominated wild-type and
Δ41-52 hPRLs provided TMs of 65°C and 80°C, respectively, indicating that deletion of
residues 41 through 52 provided a more thermally stable molecule (Figure 2). The β-sheet-
dominated extracellular domain of the hPRL receptor had a TM of 45°C.

Folding Δ41-52 hPRL by our standard method [40] followed by analysis of the products by
non-reducing 15% acrylamide gel electrophoresis showed that Δ41-52 hPRL was largely a
dimer. Mass spectroscopy (Nanospray Q-TOF) of mixed monomer and dimer of Δ41-52 hPRL
demonstrated that the dimeric form had a molecular weight of 43,170 Daltons, twice that of
the monomer (21,585 Daltons). Reduction of these Δ41-52 hPRL preparations eliminated the
43 kDa band while enhancing the 21 kDa band in SDS-containing polyacrylamide gels under
reducing conditions. Extensive dimerization of wild-type hPRL was not observed when folded
under identical conditions. Based on these data we conclude that elimination of residues 41
through 52 does not promote native folding of Δ41-52 hPRL under standard conditions and
produces significant amounts of dimeric Δ41-52 hPRL. Inter-molecular pairing of cysteines
to form disulfide bonds indicates that under standard folding conditions one or more cysteines
have not been juxtaposed and oxidized in native form during the reduction of urea by dialysis,
allowing the cysteines to seek inter-molecular partners for disulfide bond formation.

Based on these finding we made three changes in our preparation of Δ41-52 hPRL. We have
delayed returning the pH from 11 to 7 until a significant reduction of urea has been
accomplished. We also diluted the Δ41-52 hPRL to perform folding at a lower protein
concentration, reducing the likelihood of inter-molecular disulfide bond formation. Finally, we
separated monomeric Δ41-52 hPRLs from the remaining dimers by size exclusion
chromatography. These three additions to our folding protocol significantly improved yields
of well folded Δ41-52 hPRL monomers.

Mapping Intra-molecular Disulfide Bonds
We also sought to identify which cysteines were available for formation of Δ41-52 hPRL
dimers. We blocked free cysteines with iodoacetamide [42], cleaved dimeric Δ41-52 hPRL
with trypsin in the presence of 2 M urea, and performed mass spectrometry to determine the
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disulfide bonding pattern. Mapping the resolved peptides provided 80% sequence coverage.
Tandem mass spectrometry identified the following sequence of amino acids: RLTVQCCQ.
This peptide had a calculated molecular mass of 1,435.77 Daltons and the precursor ion had a
mass of 1,435.81 Daltons (479.27 × 3) for the triple charged species (Figure 3). Inspection of
the sequence of hPRL indicated that this peptide constituted a disulfide-linked pair of peptides
that are residues 11 through 16 of hPRL. We suggest that cysteine 11 had formed inter-
molecular dimers during the process of folding and oxidation. If cysteine 11 was available,
then its normal intra-molecular disulfide partner (cysteine 4) also would have been available.
Unfortunately, the N-terminal peptide (residues 1-10) was not recovered during peptide
mapping. Thus, we were not able to confirm that cysteine 4 also participated in inter-molecular
disulfide bond formation; but, without being reduced by its normal partner (cysteine 11) it was
reasonable to assume that cysteine 4 would be available for inter-molecular disulfide bond
formation.

Engineering the Deleted Sequence of Human Prolactin Antagonists
Eight hPRLs each containing one or more amino acids added into the deletion site of Δ41-52
hPRL were successfully prepared and characterized. DNA sequencing and mass spectroscopy
confirmed the addition of each amino acid addition (Table 1). The proteins’ molecular masses
were all within 0.08% of the calculated values. The difference in molecular weights between
Δ41-52 hPRL and the proteins with residues added to the gap were within 1 Dalton of the
calculated values.

The absorbance spectra of wild-type and Δ41-52 hPRL closely overlay (Figure 4a) indicating
that the proteins had similar folds. The fluorescence spectra of wild-type hPRL showed a
maximum at 340 nm (Figure 4b). Δ41-52 hPRL showed an additional peak at 318 nm and a
broadening of the signal toward the red end of the spectrum. All the hPRL mutants that added
residues in the 41 through 52 deletion showed varying increases in the red end of the spectrum
(340 to 400 nm). Some of these proteins also showed modest peaks at 318 nm (3G, A2, and
DGFIT hPRLs, data not shown). The circular dichroism spectra of wild-type and Δ41-52
hPRLs indicated that the helical structure of the wild-type hormone was largely retained by
Δ41-52 hPRL (Figure 4c). The only difference was that the mutant proteins showed increased
negative deflections at 208 nm relative to the 222 nm signal. These spectral data indicate that
the proteins are generally well folded with features intermediate to wild-type and Δ41-52
hPRLs.

One of the goals of this study was to find hPRL antagonists in this class that display a highly
reduced agonist activity and provide high yields during preparation. In these studies wild-type
hPRL averages a yield of 15.4 mg per liter of bacterial broth (Table 1). The hormone recovered
from the anion exchange column was judged to be 90% monomer on the basis of peak areas
from the subsequent sizing column. Replacing glycine 129 with arginine (G129R hPRL, an
antagonist that uses steric inhibition of site 2) produced average yields of 18.3 mg and 90%
monomer, similar to that of wild-type hPRL. Following our modified folding and purification
scheme Δ41-52 hPRL only produced an average of 9.4 mg of monomeric hormone with only
42% of the total hormone recovered from ion exchange chromatography as monomer. Clearly
reducing the formation of dimeric species would dramatically increase yields of Δ41-52 hPRL.

Determination of Yields of Engineered Human Prolactins
Having optimized our folding and purification procedures, we next sought to engineer a protein
that retained antagonist activities and provided high yields of monomeric hormone. Four
replacement strategies were evaluated (Table 1). First, we added between 2 and 5 glycine
residues (G2 through G5-ΔhPRL). As the number of glycine additions increased from 2 to 5
the percentage of monomeric hPRL recovered from the ion exchange column increased from
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39 to 67%, the yields also increased with an average of 13.5 mg for the G4-ΔhPRL. The second
strategy to influence the yield of monomeric hPRL antagonist was to add back two alanine
residues into the position between residues 41 through 52. We observed that both the percentage
of monomeric A2-ΔhPRL (34%) and the yield of A2-ΔhPRL (6.2 mg) were reduced when
compared to Δ41-52 hPRL. The addition of two alanine residues in this position showed the
lowest yields of purified protein and the lowest percentage of monomeric hormone. The third
strategy was to add a β-turn (SPGG-ΔhPRL) at the top of helix 1. The addition of the ß-turn
did not increase the yield (8.7 mg) and only modestly increased the percentage of monomer
(49%). The forth strategy was to replace several of the original residues into Δ41-52 hPRL.
Two proteins were prepared, the first included D41, G49, F50, I51, and T52 (DGFIT-ΔhPRL)
while the second protein included D41, I51, and T52 (DIT-ΔhPRL). DIT-ΔhPRL, containing
the smaller replacement, increased the yield of monomer to 13.4 mg with 70% of the folded
protein being a monomer. The larger insert (DGFIT-ΔhPRL) produced the highest yield of
monomeric hormone (17.5 mg) with 52% of the total protein being found as a monomeric
species.

Determining the Agonist Activities of Engineered Human Prolactins
In addition to the yield of monomeric hormones, we also sought variants of Δ41-52 hPRL with
minimal agonist activities. To this end we compared the agonist activities of wild-type hPRL
and G129R hPRL to Δ41-52 hPRL and each of the hPRL variants. Each of these assays used
increasing hormone concentrations to stimulate the growth of FDC-P1 cells that had been
transformed with the hPRL receptor. The hPRL agonist activity was discerned following a 24
hour serum starvation and 48 hour stimulation by increasing hormone concentrations. ED50s
were calculated and the fold reduction in agonist activity compared to that of wild-type hPRL
(Table 1). The precision of these assays indicate that ED50s within approximately two-fold
should be regarded as similar. Wild-type hPRL displayed a typical ED50 of 0.23 nM. The
activity of G129R hPRL (5.99 nM) was significantly reduced, retaining approximately 4% of
the agonist activity of wild-type hPRL. Our lead compound, Δ41-52 hPRL, displayed an
agonist activity of 702.42 nM, a 3,054-fold reduction in agonist activity from that of wild-type
hPRL. Δ41-52 hPRL retains approximately 100-fold less agonist activity than G129R hPRL.
Disruption of the structure coupling of sites 1 and 2, the basis for this new class of hPRL
antagonists, reduces the agonist activity to a much greater extent than antagonists that provide
steric inhibition of site 2 (G129R hPRL).

In situations where residues were added between residues 40 and 53 reductions of agonist
activity greatly varied (Table 1). Addition of 2, 3, and 4 glycine residues (G2 through G4-
ΔhPRL) had progressively reduced agonist activity (between 23 and 5312-fold less activity
than wild-type hPRL). G4 hPRL provided the greatest reduction of agonist activity (1277.16
nM, a reduction of 5,553-fold reduction from the agonist activity of wild-type hPRL). In
contrast, addition of 5 glycines (G5 hPRL) produced a hormone with only a 6-fold reduction
in agonist activity. The addition of two alanine residues (A2 hPRL) produced an agonist with
intermediate activity 163.38 nM. These results indicate that extending helix 1 back to that of
the wild-type hormone, a manipulation that we believe increases the stress within the molecule
not only reduced the yield of hormone but provided agonist activity between those of wild-
type and Δ41-52 hPRLs. Similarly, addition of a ß-turn into Δ41-52 hPRL also appeared to
reduce the stress in Δ41-52 hPRL producing a hormone with activities approaching that of
wild-type hPRL. Finally, addition of three or five original residues (DIT and DGFIT-ΔhPRLs,
199 and 207-fold decrease in agonist activity) produced hormones with agonist activities
between wild-type and Δ41-52 hPRLs. These last two hormones have approximately 10-fold
less agonist activity than G129R hPRL. In summary, few of the re-engineered hPRL
antagonists had reductions in their remaining against activities similar to that of Δ41-52 hPRL.
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Determination of the Antagonist Activities of Engineered Human Prolactins
The final objective of this study was to identify hPRLs that served as potent antagonists. These
studies compared the activities of wild-type hPRL, G129R hPRL and Δ41-52 hPRL on the
viability of Jurkat cells. We chose to use Jurkat cells for these studies, because hPRL promotes
viability in these human lymphoma cells. Growth of these cells in 10% fetal bovine serum
provided sufficient stimulus to insure viability and the synthesis and secretion of hPRL from
the cells should increase the lactogenic stimulus during the 96 hour course of the experiment.
We used flow cytometry to measure the influence of hPRLs on the proportions of viable cells,
cells undergoing apoptosis, and necrotic cells. The exogenous hPRL concentrations and time
of treatment were variables in these experiments. Thus, the ability of the two hPRL antagonists
(G129R and Δ41-52 hPRL) to induce apoptosis can be directly compared to each other and to
wild-type hPRL.

Treatment of Jurkat cells under the influence of 10% fetal bovine serum with Δ41-52 hPRL
showed a time- and dose-dependent decrease in live cells, an increase in cells undergoing
apoptosis, and an increased proportion of cells that are necrotic (Table 2 and Figure 5). For
Δ41-52 hPRL, increasing antagonist concentrations produced a biphasic response where 1 nM
Δ41-32 hPRL produced the smallest percentage in viable cells (27% viable) and the greatest
percentage in necrotic cells (61% dead) after 72 hours of treatment. At both lower and higher
concentrations of Δ41-52 hPRL (0.1,10, 100 and 1000 nM) the effects were smaller, but each
dose at each time reduced percentages of viable cells, increased percentages of necrotic cells,
and increased percentages of cells undergoing apoptosis. Apoptosis appeared to depend on the
time of treatment; after 24 hours of treatment the maximal percentage of cells undergoing
apoptosis was observed. At lower Δ41-52 hPRL concentrations (0.1 and 1.0 nM) the percentage
of live cells decreased and the percentage of dead cells increased with time (up to 96 hours).
At higher Δ41-52 hPRL concentrations (10, 100, and 1000 nM) the percentage of live cells
first decreased and subsequently slowly increased during the 96 hours of treatment. This may
be a result of the Jurkat cells increasing endogenous hPRL concentrations and resisting the
antagonist effect of Δ41-52 hPRL.

Identical treatment with wild-type hPRL did not induce changes in the percentage of live,
apoptotic, and necrotic Jurkat cells regardless of dose or time. Typically live cells represented
between 89 to 95%, apoptotic cells represented between 0.8 to 2.9%, and necrotic cells
represent 3.2 to 9.0% of the total cells (Table 2). Treatment with wild-type hPRL concentrations
between 0.1 and 1000 nM did not change the percentages when compared to controls not
receiving exogenous hPRL. These data indicate that a 15% fetal bovine serum stimulus is
sufficient to fully stimulate viability of the Jurkat cells and addition of wild-type hPRL does
not change the distribution of live, apoptotic, or necrotic cells.

Finally, Treatment of Jurkat cells with G129R hPRL at concentrations between 0.1 and 1000
nM for up to 96 hours produced results that are similar to the results of no treatment or treatment
with wild-type hPRL. Living cells represented 88 to 95%, apoptotic cells represented 0.6 to
3.2%, and necrotic cells represented 2.8 to 10.2% of the total cells (data not shown). Treatment
with G129R hPRL did not provide an effective antagonism in the presence of 15% fetal bovine
serum and production of hPRL by Jurkat cells. Similar observations of Δ41-52 hPRL-induced
apoptosis-mediated cell death were observed in the murine lymphoid cell lines Nb-2 cells and
FDC-P1 that express the hPRL receptor (data not shown).

Discussion
The mechanism by which hPRL binds and activates the hPRL receptor is not fully understood.
We have recently shown that sites 1 and 2 for both hPRL and hGH are functionally coupled
[18-20]. Receptor binding to site 1 of hPRL initiates a conformation change across the structure
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of the hormone. This provides a second receptor binding site on the hormone with a biologically
relevant affinity. We have performed numerous mutagenic studies that have identified various
residues that are not among the functional binding epitopes of sites 1 or 2 but are required for
lactogenic actions of these hormones; we believe that these residues constitute a motif that
transmits the hPRL receptor binding-induced conformation change from site 1 to site 2 of the
hormone.

Based on the work of Tsunekawa et al. [38] in the 20 kDa form of hGH, we prepared a similar
deletion mutant in hPRL (Δ41-52 hPRL) [39] and were surprised to observe that this deletion
provided a substantially greater reduction of lactogenic activity than that provided by the 20
kDa hGH. We also realized that this deletion contained some of the residues that we had
identified as being critical for activity and necessary to functionally couple site 1 with site 2
in hPRL. Based on this information, we hypothesized that removal of residues contained within
this motif might provide a new class of hPRL antagonists, where site 1 receptor binding would
fail to initiate the organization of the hormone’s second binding site. This new class of hPRL
antagonists could occupy but would fail to activate hPRL receptors. The results of our current
work support this hypothesis where Δ41-52 hPRL has been shown to be a potent antagonist.
The residues comprising site 2 of Δ41-52 hPRL are unchanged, yet no apparent result of site
2 binding is observed. This observation supports the notion that sites 1 and 2 are functionally
coupled and the formation of site 2 is dependent on hPRLr binding at site 1 and the transmission
of structural changes that organize a functional site 2.

In this work we have characterized the preparation of Δ41-52 hPRL and demonstrate that it
represents a lead compound for this new class of hPRL antagonists. Further, we explored
structural variants of the deleted sequence, characterizing the folding, yields, and remaining
agonist activities. Finally, we demonstrated that Δ41-52 hPRL is a potent antagonist capable
of inducing cell death through apoptosis in a cell line derived from a human T-cell leukemia
[48].

Δ41-52 hPRL was more difficult to prepare than either wild-type or G129R hPRLs; dimeric
Δ41-51 hPRL was the major product from our standard folding procedure. Analysis of dimeric
Δ41-52 hPRL by trypsin cleavage and mass spectrometry indicated that the dimers were formed
through the N-terminal cysteines of hPRL. Dimeric Δ41-52 hPRL was inactive as either an
agonist or antagonist (Brooks and Almgren, unpublished) and thus represented a major inactive
side product of protein folding. Thus, we developed a folding procedure that more carefully
controlled disulfide bond formation. By delaying the neutralization of pH during the dialysis-
mediated removal of urea, we reduced the production of this mis-folded hormone. Maintaining
a higher pH delayed the formation of stable disulfide bonds allowing a longer opportunity for
the folding process to juxtapose the proper cysteines for wild-type disulfide bond formation.
The addition of size exclusion chromatography was an effective method to remove remaining
dimeric hormone. Thus, we have developed a folding and purification scheme that produced
a properly folded homologous monomeric Δ41-52 hPRL with high antagonist activity.

Thermal denaturation studies indicated that Δ41-52 hPRL was more stable than wild-type
hPRL. The removal twelve residues decreased the length connecting helix 1 to helix 4 through
the 58/174 disulfide bond; this shorter connector must reduce the possible movement between
these two helices and stabilize the protein from thermal motion and denaturation. The relative
movement between these helices may be required for the action of hPRL; this restriction of
movement may provide the observed increase in thermal stability. The reduction in the potential
conformers available to Δ41-52 hPRL also inhibits the site 1 receptor binding-induced
conformation change within hPRL and thus inhibits the structuring of site 2 required for
receptor binding. Residues in helices 3 and 4 are involved in the second binding site of hPRL
for the receptor. Thus, the mechanism by which Δ41-52 hPRL has reduced agonist activity
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(Table 1) may be that binding of receptor at site 1 can no longer position helix 4 in an appropriate
position to promote site 2 binding.

Replacement with native or other residues in the gap created by deletion of residues 41-52 was
explored to determine their effects on yields, protein folding, and agonist activity. Four
strategies for replacements were pursued. The first was to place between one and five glycines
into the deletion. This approach was designed to relieve stress within the folded molecule that
was induced by removal of the dozen residue sequence (residues 41 through 52). Glycine
additions do not provide side chain chemistries, secondary structures, or backbone rigidity.
Addition of increasing numbers of glycines tended to increase the yields of monomeric
proteins. Glycine additions also changed the ED50s of agonist activities; this reduction in
agonist activity was maximal with the addition of four glycines. Glycine additions provided a
non-structured linker between residues 41 and 52. We believe these additions relieved the
tension between the C-terminus of helix 1 and helix 4 (coupled by the disulfide bond between
cysteines 58 and 174) without addition of structural features within the linker. This suggests
that fine tuning of this spatial relationship was an effective means of regulating agonist activity.
We have previously shown that residues between positions 41 and 52 are required for coupling
sites 1 and 2 within hPRL [20]. But the spatial relationship between helices 1 and 4 is also
important for site 1 binding. Thus, glycine addition may optimize site 1 binding while not
providing efficient coupling between sites 1 and 2 of hPRL. These results are currently being
evaluated by binding studies where site 1 and 2 binding events can be independently evaluated.
The second approach was to add 2 alanines into the gap A2-Δ42-52 hPRL. These two alanines
would extend helix 1 to a length described in structural studies [31,32] and increase the tension
between helices 1 and 4. This structural change reduced the yields as well as the percentage
monomer. The agonist activity of was intermediate between wild-type and Δ41-52 hPRL. A
third structural study added a ß-turn (SPGG-hPRL) to the gap created by the deletion of residues
41 through 52. We believed that this addition would relieve some of the structural constraints
associated with the deletion. Yields of SPGG-hPRL remained low and less than 50% folded
into monomeric protein. Surprisingly, SPGG-hPRL regained much of its biological activity.
This demonstrates that relief of the tension by addition of an engineered turn between the C-
terminus of helix 1 and the central C58-C174 disulfide bond does not increase the efficiency
of folding. Finally, selected sequences from wild-type hPRL, including DGFIT and DIT, were
replaced in Δ41-52 hPRL. These additions increased both the yield of and percent of monomer.
The addition of sequences that reduced the stress within the various hPRLs generally increased
the yields of hPRLs; while the addition of alanines that increase the stress (A2-hPRL) reduced
the yields of protein.

These same additions did not produce parallel results when considering their effects on agonist
activities. The serial addition of glycines was illustrative, where only replacement with four
glycines provided highly reduced agonist activity (a 5,312-fold reduction), while additions of
two, three, or five glycines increased the remaining agonist activity from that of Δ41-52 hPRL
(from 3041 to 23, 82, and 6-fold reductions in activity of wild-type hPRL, respectively). In
contrast, the additions of 5 glycines (G5-ΔhPRL, 2-fold reduction in activity) or addition of
four amino acids as a ß-turn (SPGG-hPRL, 6-fold reduction in activity) produced hormones
with agonist activities similar to wild-type hPRL. Finally, addition of either three or five
residues from the original sequence (DGFIT- and DIT-hPRL) produced hormones retaining
some structure when compared to glycine additions and a modestly higher agonist activity (207
and 199-fold reduction of activity, respectively) then their glycine counterparts. Thus, it
appeared that the nature of the linkage between residues 41 and 52 was important in the loss
or retention of agonist activity. Both the number and nature of residues inserted into the deletion
appeared to influence the loss of agonist activity.
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Comparison of the remaining agonist activities of Δ41-52 and G129R hPRLs showed a clear
advantage to our new class of antagonists when creating an ideal hPRL antagonist. The agonist
activity of Δ41-52 was greatly reduced as we have previously reported [39] and was
significantly less than G129R hPRL when tested in FDC-P1 cells expressing hPRL receptors.
In these experiments Δ41-52 hPRL retained approximately 0.03% agonist activity while
G129R hPRL retained approximately 3.8%. This greater than 100-fold reduction of agonist
activity of Δ41-52 hPRL when compared to G129R hPRL should allow higher concentrations
of this antagonist to be present before this protein affects significant agonist activities. Thus,
when it is used in either in vitro or in vivo assays we anticipate that Δ41-52 hPRL will provide
better antagonist activities than G129R hPRL.

Finally, low concentrations of Δ41-52 hPRL induced a substantial level of apoptosis in human
Jurkat cells in a dose- and time-dependent fashion (Table 2, Figure 5). In parallel studies G129R
hPRL did not induce apoptosis at doses up to 1000 ng/mL over the 96 hour time course of this
study. Jurkat cells contain a paracrine/autocrine system, expressing both the hPRL receptor
and hPRL [48]. Cells treated with no exogenous hPRL and those treated with up to 1000 nM
wild-type hPRL displayed similar percentages of viable cells (94 to 96% vs. 89 to 95%,
respectively), apoptotic cells (0.9 to 2.6% vs. 0.8 to 2.9%, respectively), and necrotic cells (3.2
to 4.2% vs. 3.2 to 9.0%, respectively), suggesting that addition of exogenous wild-type hPRL
does not provide a greater stimulus for cell viability than that provided from endogenous
sources and showing that Δ41-52 hPRL can effectively antagonize Jurkat cells under conditions
that fully support cell viability.
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Figure 1. Structural Modifications for the Creation of Δ41-52 Human Prolactin
Three dimensional structure of hPRL with helices 1 through 4 shown in blue, cyan, green, and
red, respectively. The deleted residues (41-52) are indicated by the black backbone. The lower
panel shows a section of the aligned sequences of human growth hormone and prolactin. The
underlined residues are not present in the 20 kDa form of hGH and have been deleted in
Δ41-52 hPRL.

DePalatis et al. Page 15

Protein Expr Purif. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Thermal Denaturation of Wild-type and Δ41-52 Human Prolactin
1.0 μM solution of either wild-type hPRL or Δ41-52 hPRL was placed into heated cuvets in a
LS55 Perkin/Elmer spectrophotometer in 10 mM Tris pH 7.5 and 150 mM NaCl. Temperatures
were increased at a rate of 1C° per minute from 25C° to 95C°. The absorbance was measured
at 280 nm at 5C° increments. When 95C° was achieved the temperature of Δ41-52 hPRL was
returned to 25C°; the reduction in absorbance observed between 90 and 95C° appears to be a
result of precipitation of the denatured protein. This same reduction in absorbance is retained
when the temperature is returned to 25C° suggesting that the protein precipitate does not return
to a solution. A basal thermal-induced rate of absorbance change was determined at low
temperatures and subtracted from the measured data.

DePalatis et al. Page 16

Protein Expr Purif. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Mass Spectrum for a Peptide Isolated from the Trypsin Digest of Δ41-52 hPRL
Dimeric Δ41-52 hPRL was isolated by size exclusion chromatography, digested with trypsin,
and submitted to LC/MS/MS as described in the Materials and Methods section. The disulfide-
linked peptides constituting residues 10-16 was identified by both the mass of the peptide
fragment and the sequence information.

DePalatis et al. Page 17

Protein Expr Purif. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Absorbance, Fluorescence and Circular Dichroism Spectrascopic Comparisons of Wild-
type and Δ41-52 Human Prolactins
Samples were prepared in 10 mM NH4HCO3, 150 mM NaCl, pH 8.0 at appropriate
concentrations as determined by the bicinchoninic acid method [41]. Fluorescence emission
was determined on a Perkin-Elmer Model 55 luminometer with an excitation wavelength of
285 nm and the emission spectrum recorded from 300 to 400 nm. Near-UV circular dichroism
was measured from 200 to 260 nm using an Aviv Model 202 circular dichroism
spectrophotometer. Absorbance was measured from 240 to 330 nm by a Perkin-Elmer Lamda
45 UV/VIS spectrophotometer. Raw data is presented in the inset panel and the normalized
data is presented in the main panel.
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Figure 5. Time Course for the Induction of Apoptosis and Necrosis by 1 nM Δ41-52 hPRL
Jurkat cells were grown in RPMI-1640, 15% fetal bovine serum, and penicillin/streptomycin.
Cells were suspended in media (106 cells/mL) and supplemented in triplicate wells with 1 nM
Δ41-52 hPRL. After 24, 48, 72, and 96 hours of incubation the Jurkat cells were analyzed for
the induction of apoptosis or the presence of necrosis by the method of Zamzami et al. and
Castedo et al. [49,50]. This method used 20 nM 3,3’-dihexyloxacarbocyanine (DiOC6, Sigma)
to assess induction of apoptosis by measuring the mitochondrial transmembrane potential in
individual cells by flow cytometry (Coulter EPICS elite, Miami, FL). In addition the cells were
labeled with propidium iodide (PI) to assess cellular integrity. Increased PI fluorescence in
conjunction with reduced DiOC6 fluorescence is an indication of necrotic cells. Individual cells
were excited at 488 nm with a 15mW air-cooled argon ion laser (Cytonics, Uniphase, San Jose,
CA). PI fluorescence emission was measured at 635 nm. In addition, controls were run at each
time point as described in Materials and Methods. Gates were set using the control cells and
the cells within in each of four quadrants were enumerated and the expressed as a percent of
the total cells counted. This data is representative of the three experiments performed.
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