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ABSTRACT: Prolactin, a lactogenic hormone, binds to two prolactin receptors sequentially, the first receptor
binding at site 1 of the hormone followed by the second receptor binding at site 2. We have investigated
the mechanism by which human prolactin (hPRL) binds the extracellular domain of the human prolactin
receptor (hPRLbp) using surface plasmon resonance (SPR) technology. We have covalently coupled hPRL
to the SPR chip surface via coupling chemistries that reside in and block either site 1 or site 2. Equilibrium
binding experiments using saturating hPRLbp concentrations show that site 2 receptor binding is dependent
on site 1 receptor occupancy. In contrast, site 1 binding is independent of site 2 occupancy. Thus, sites
1 and 2 are functionally coupled, site 1 binding inducing the functional organization of site 2. Site 2 of
hPRL does not have a measurable binding affinity prior to hPRLbp binding at site 1. After site 1 receptor
binding, site 2 affinity is increased to values approaching that of site 1. Corruption of either site 1 or site
2 by mutagenesis is consistent with a functional coupling of sites 1 and 2. Fluorescence resonance energy
transfer (FRET) experiments indicate that receptor binding at site 1 induces a conformation change in the
hormone. These data support an “induced-fit” model for prolactin receptor binding where binding of the
first receptor to hPRL induces a conformation change in the hormone creating the second receptor-binding
site.

The idea that two spatially separated ligand-binding sites
on a macromolecule are “functionally linked” was first
proposed over 50 years ago by Jeffries Wyman in an attempt
to explain the allosteric mechanism of hemoglobin oxygen-
ation (1,2). The idea of functional linkage was further refined
by Koshland in 1958, who proposed an “induced-fit” theory,
which states that substrate binding to an enzyme could elicit
a conformation change resulting in spatial rearrangement of
the catalytic site (3). There are now numerous studies that
have demonstrated that conformation changes are induced
by the presence or absence of allosteric modulators, regulat-
ing the ligand-binding properties of enzymes and other
proteins (4-6).

Our interests have focused on understanding how receptor-
binding sites on hormones communicate with each other to
induce receptor binding and dimerization. Our primary model
has been the human lactogenic hormones, growth hormone
(hGH)1 and prolactin (hPRL). Both hormones bind to the
prolactin receptor with a 1:2 stoichiometry. Binding of the

two receptors is believed to be sequential, the first receptor
binding at the hormone surface called site 1 followed by the
second receptor binding at site 2 (7-10). Dimerized receptors
activate one or more chemical signaling pathways within
target cells (reviewed in refs11 and 12). However, the
detailed mechanics of prolactin-receptor binding are not
known.

Several crystal structures are available for hGH in free
(13) and receptor-bound (14-19) forms (PDB nos. 1BP3,
1HGU, 1A22, 1AXI, 1HUW, 1HWH, 1HWG, 3HHR).
Comparison of the crystal structures of receptor-free hGH
(PDB no. 1HGU) and hGH bound to the extracellular domain
of one hPRL receptor (hPRLbp) (PDB no. 1BP3) shows a
distinct conformation change in the hormone upon receptor
binding. Using site-directed mutagenesis, we have previously
demonstrated that in hGH there exists a series of contiguous
hydrophobic residues distal to the receptor binding sites that
transmit the observed conformation change across the
hormone (20). These data suggest that the receptor binding
sites in hGH and other lactogenic hormones may be
functionally coupled.

Recently an NMR structure for hPRL has been published
(PDB no. 1N9D;21) (Figure 1). The major features are
similar to those of hGH and ovine placental lactogen (PDB
no. 1F6F)(22). The lack of structures describing hPRL bound
to its receptor limits our knowledge of the receptor binding-
induced changes in the conformation of this ligand. One
explanation proposed for the ordered binding of hormone
and receptor is that site 1 has a higher affinity for the receptor
as compared to site 2 (10). This suggests that in the absence
of receptor binding at site 1, there should still be receptor
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binding at site 2. Studies of hGH binding to the soma-
totrophic receptor demonstrated that antibodies that block
site 1 of hGH completely block receptor binding (10). This
suggests that there may be another mechanism for sequential
receptor binding.

We propose a model for hPRL receptor binding where, in
the free hormone, site 2 is not structured for receptor binding.
We believe that when the first receptor binds to site 1, the
hormone undergoes a conformation change, similar to that
observed in hGH, spatially reorganizing site 2 and allowing
binding of the second receptor. We have used hPRL binding
to the hPRLbp as a model to test our hypothesis.

We have chosen surface plasmon resonance (SPR) tech-
nology to determine the mechanism of hPRL receptor
binding. This technology can be used to study equilibrium
binding as well as the time-dependent interactions between
molecules (23). One of the molecules (the ligand) is attached
to a dextran-coated gold surface in a flow cell. The second
molecule (the analyte) is then passed over this chip surface
and an optical device on the opposite side of the gold surface
detects the interaction between the two molecules based on
changes in the refractive index within the flow cell. We
utilized a unique approach to covalently attach hPRL to the
chip surface using a specifically engineered cysteine that can
be linked to the dextran polymer of the chip by formation
of a disulfide bond (24). We mutated key residues in either
site 1 (K181;25) or site 2 (G129;8) to cysteine. These
residues were selected on the basis of structural (18, 21) and
functional homology (8, 25). As a control, we mutated M158
to cysteine. This residue is distal to both the binding sites.
When the hormone is covalently coupled to the chip surface
through either K181C or G129C, the bulky dextran polymer
blocks the respective binding site, allowing the receptor to
bind to only one of the two sites. When M158C is bound to
the chip, both sites are available for receptor binding. We
used this approach to determine whether site 1 and site 2
binding occur independently or are functionally coupled.

EXPERIMENTAL PROCEDURES

Plasmids and Bacterial Strains.A hPRL DNA sequence
for the mature methionyl protein was cloned into the pT7-7
derived phagemid (26) and was used for production of single-
stranded DNA, site-directed mutagenesis, and expression of
recombinant proteins in theEscherichia colistrains RZ1032
(dut-, ung-), DH5R, and BL21(DE3), respectively. Methio-
nyl hPRLbp was also cloned into the pT7-7 phagemid and
expressed in BL21(DE3) cells. The extracellular domain
includes the first 210 amino acids of the mature hPRL
receptor and was cloned from a human liver cDNA library
(Invitrogen, Carlsbad, CA).

Site-Directed Mutagenesis.Site-directed mutagenesis was
performed using the Kunkel method (27). Selection of
positive clones was facilitated using translationally silent
restriction sites that were introduced adjacent to the desired
mutation. The desired mutations were confirmed using the
Sanger dideoxynucleotide sequencing method (28).

Expression, Folding, and Purification of Proteins.Wild-
type hPRL, the various hPRL mutants, and the hPRLbp were
expressed in 1 L cultures of the BL21(DE3) strain ofE. coli
as previously described (26). The expressed proteins were
collected as inclusion body pellets by centrifugation and were
solubilized in 100 mL of 4.5 M urea, 100 mM Tris, pH 11.5.
The pH was raised to reduce the stability of disulfide bonds.
The proteins were refolded using extensive dialysis against
20 mM Tris, pH 7.5. The proteins were purified by anion-
exchange chromatography using DEAE Sepharose Fast Flow
(Amersham Biosciences, Piscataway, NJ) packed in a 20 mm
× 100 mm column (Waters, Milford, MA). The purified
proteins were dialyzed against 10 mM ammonium bicarbon-
ate, lyophilized, and stored at-30 °C.

Characterization of Recombinant Proteins.The recombi-
nant proteins were evaluated for size and purity using SDS-
containing 15% polyacrylamide gel electrophoresis in the
presence (reducing) or absence (nonreducing) of 2-mercap-
toethanol. The molecular weights of proteins were measured
on a Q-TOF II mass spectrometer (Micromass, Milford, MA).
The correct folding of the proteins was determined by
absorption, fluorescence, and circular dichroism spectroscopy
at 20 °C in 20 mM Tris, pH 8.2, 150 mM NaCl. Protein
concentrations were determined by the bicinchoninic acid
assay (29).

Biological Assays.The biological activity of the recom-
binant hormones was determined in bioassays described
previously (20). Briefly, serum-starved FDC-P1 cells stably
transfected with the human prolactin receptor (7), a gift from
Genentech, Inc. (San Francisco, CA), were plated in 96 well
plates. The cells were then treated with varying hormone
doses from 10 pM to 10µM for 48 h. Hormone-induced
cell proliferation was assessed using a vital dye method
(Alamar Blue, Accumed International, West Lake, OH).
Dose-response curves were used to determine the ED50 values
for the recombinant wild-type and mutant hPRLs using a
four-parameter fit (30).

The activity of hPRLbp was determined in a competition
assay using FDC-P1 cells, where addition of hPRLbp
sequestered hPRL and reduced hPRL-induced cell prolifera-
tion. hPRL (0.03 nM) was added to each of the wells along
with increasing concentrations of hPRLbp from 0.01 nM to
10 µM. The effect of receptor-mediated sequestration of

FIGURE 1: Ribbon diagram of the solution structure of hPRL (PDB
no. 1N9D) (21). The residues mutated are shown in space fill (red).
The six cysteine residues involved in disulfide bond formation are
shown in yellow. The location of the two putative binding sites
are indicated as site 1 and site 2.

13756 Biochemistry, Vol. 43, No. 43, 2004 Sivaprasad et al.



hPRL on cell growth was determined by a vital dye as
described above.

Immobilization of Hormones on the Dextran-Coated SPR
Chip Surface.The optical biosensor was the BIAcore 3000
(Biacore Inc., Piscataway, NJ). The various hormone mutants
were bound to the dextran surface of a CM5 sensor chip
(BIAcore Inc.) using ligand-thiol coupling chemistry. The
flow rate during ligand coupling was set at 5µL/min. The
chip surface was activated by injecting 10µL of a mixture
of 50 mM N-hydroxysuccinimide, 20 mMN-ethyl-N′-
(dimethylaminopropyl)-carbodiimide. Disulfide groups were
introduced on the activated chip surface by injecting 20µL
of 80 mM 2-(2-pyridinyldithio)-ethaneamine hydrochloride
in 0.1 M sodium borate buffer, pH 8.5. The hormones, 200
nM in 10 mM sodium acetate buffer, pH 4.3, were coupled
to the chip surface such that roughly 100 RU (resonance
units, a measure of change in concentration of proteins on
the sensor chip) of hormone was bound, corresponding to a
ligand density of approximately 0.1 ng/mm2 (∼4 fmol/mm2).
The unreacted groups on the chip surface were subsequently
blocked by 20µL of 50 mM cysteine, 1 M NaCl, 0.1 M
sodium formate buffer, pH 4.3. The buffer in hPRL/hPRLbp
binding reactions was 10 mM HEPES, 150 mM NaCl, 3 mM
EDTA, 0.005% Surfactant P20 (HBS-EP buffer).

Before the various mutants were bound to the CM5 sensor
chip, they were treated with dithiothreitol (DTT) to reduce
the free cysteine. The proteins in solution were incubated
with a 5µM excess of DTT for 5 min at room temperature.
The DTT and proteins were then separated using a Microcon
YM-10 centrifugal concentrator (Millipore Corporation,
Bedford, MA). The centrifugation was repeated twice to
ensure that>95% of the DTT was removed. Treated and
untreated proteins were compared by UV spectroscopy to
ensure that the DTT treatment did not affect endogenous
disulfide bonds.

SPR kinetics between hPRL and hPRLbp may be limited
by mass transport to the chip surface, artificially slowing
the reactions. Two ways to minimize mass transport limita-
tions are to increase the flow rate and to reduce the ligand
concentration on the chip surface. Mass transport limitations
were tested by flowing 50 nM hPRLbp across a chip with
100 RU of hormone at 5, 15, and 75µL/min. The initial
rates of binding were calculated. A variation of more than
10% in the initial rates is a sign that mass transport influences
the kinetic data. Based on the results from this experiment,
kinetics were not influenced by mass transport limits with a
ligand concentration of 100 RU. The flow rate for the
equilibrium and kinetic experiments was set at 50µL/min.

Equilibrium Binding Experiments.For the equilibrium
experiments, M158C, G129C, and K181C hPRLs were
coupled to the CM5 sensor chip at various densities ranging
from 100 to 1000 RU (∼4 to 40 fmol/mm2). A saturating
concentration of hPRLbp (100µM) was flowed over the chip
surface at 50µL/min to bind all available hormone binding
sites irrespective of the receptor binding affinities. The
binding stoichiometry of hPRLbp and hPRL was calculated
at 200 s (after equilibrium was established) by normalizing
the signals for their molecular weights with the formula:

Binding of hPRLbp to the hPRL Mutants and EValuation
of Kinetics.Varying concentrations of hPRLbp from 50 to
800 nM were passed in a random order at 50µL/min over
a hormone-linked chip surface. The binding was recorded
for 5 min. Dissociation of hormone and receptor was initiated
by flowing buffer at 50µL/min over the chip surface, and
the signal was recorded for 5 min. Finally, the chip surface
was regenerated to remove any remaining analyte by a 30 s
injection of 2.5 M MgCl2. The signal from each binding
experiment was corrected for nonspecific binding by sub-
tracting values obtained from a blank surface that had been
activated and blocked with cysteine. In addition, the back-
ground-corrected receptor binding data were subsequently
corrected for the signal produced from an injection of buffer
across each ligand-linked chip surface. This double back-
ground correction has been recommended for analytical SPR
studies (31). Based on the stoichiometric results of the
equilibrium binding experiments, BIAevaluation 3.0 (BIA-
core, Inc.) software was used to fit the kinetic data to models
for 1:1 Langmuir binding for the mutant where site 2 was
blocked (G129C hPRL), and based on the results of our
saturation binding studies, a strictly ordered binding model
(site 1 followed by site 2) was used when hPRL was coupled
to the chip through M158C. The differential equations used
for the strictly ordered binding model and the rationale for
the equations used are described in Appendix 1. Association
and dissociation rate constants were determined from these
data. The equilibrium constants were calculated from the rate
constants.

Fluorescence Resonance Energy Transfer.M158C hPRL
was labeled with 7-diethylamino-3-(4′-maleimidylphenyl)-
4-methylcoumarin (CPM, Molecular Probes, Eugene, OR,
catalog no. D-346). The excitation and emission maxima for
CPM are 358 and 469 nm, respectively. The hormone at 100
µM concentration was mixed with a 5-fold molar excess of
CPM and incubated at room temperature with shaking for 4
h in 10 mM NH4HCO3, pH 7.0. The mixture was then passed
through a Sephadex G50 column (Amersham Pharmacia) to
separate the labeled hormone from the free fluorochrome.
Mass spectrometry using the Q-TOF II spectrometer (Mi-
cromass, Milford, MA) verified that the hormone was
labeled.

One micromolar labeled hormone was mixed with various
concentrations of hPRLbp in 10 mM NH4HCO3, pH 7, as
indicated in Figure 7. The samples were allowed to reach
equilibrium at room temperature for 1 h. Fluorescence
spectrum of each sample was collected by exciting the
tryptophans at 295 nm and monitoring the emission spectra
of CPM from 300 to 575 nm.

RESULTS

Purification and Spectroscopic Characterization of the
Proteins. DNA sequencing confirmed that the plasmids
encoded the desired proteins. SDS-containing 15% poly-
acrylamide gel electrophoresis of the proteins under reducing
and nonreducing conditions (Figure 2) showed that the
proteins were over 95% pure and ran at the predicted
molecular weight. Nonreducing gels showed the formation
of small amounts of dimeric proteins in some batches. These
dimeric proteins were not observed under reducing condi-
tions, indicating a disulfide linkage. Mass spectrometry was

stoichiometric ratio)

( RU of receptor
RU of hormone) (mol wt of hormone

mol wt of receptor) (1)
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carried out to accurately determine the molecular weight of
the various proteins (data not shown). The masses of the
proteins were within 2 Da of their predicted values.

UV absorption spectra (Figure 3A) of all the mutants
showed a peak around 277 nm, characteristic for the aromatic
amino acids. Wild-type hPRL has a 280/250 nm absorbance
ratio of approximately 2. The 250 nm absorption is largely
due to disulfide bonds where absorbance is very sensitive
to the stretching, bending, or turning of the disulfide bond.
Thus, the 280/250 nm ratio is a sensitive indication of correct
folding. All mutant or wild-type hPRLs used in these studies
had a 280/250 nm absorption ratio between 1.8 and 2. Thus,
correct disulfide bond formation was not affected by
introduction of the seventh cysteine. No light scattering was
observed at 350 nm indicating that the proteins did not form
aggregates. Fluorescence spectra of the mutants overlap with
wild-type hPRL with an emission maximum at 340 nm. Thus,
the environment around the tryptophan and tyrosine residues
was not disturbed by the free cysteine (Figure 2B). The
variations in peak height of the fluorescence spectra can be
attributed to variations in protein concentrations. CD spectra
of wild-type hPRL and the mutants showed two negative
peaks at 222 and 208 nm and a positive peak approaching
190 nm. This is characteristic for proteins that are predomi-
nantly R-helical (Figure 2C). Normalized peaks closely
overlap (see inserts of Figure 2A-C), indicating that addition
of the seventh cysteine at any of the three positions or other
mutations failed to disturb the folded structure of the hPRLs.
CD spectroscopy of hPRLbp indicated that the protein had

a â sheet structure with a negative peak at 215 nm (PDB
no. 1BP3, data not shown) (18).

Biological ActiVity of the Cysteine Mutants.To determine
whether the hPRL mutants were biologically active, we tested
their ability to induce the proliferation of an FDC-P1 cell
line stably transfected with the hPRL receptor. All mutant
hPRLs were biologically active, although the activities of
K181C and G129C were reduced. The ED50 values are

FIGURE 2: SDS-containing 15% polyacrylamide gel electrophoresis
of recombinant proteins under reducing and nonreducing conditions.
Gels are composites of results from typical batches of proteins.
Each study was performed with a new batch of protein to include
batch-to-batch variations in the preparation of proteins.

FIGURE 3: Spectroscopic characterization of the binding site
cysteine mutants: (A) UV absorption at 25µM protein concentra-
tion; (B) fluorescence spectroscopy at 1µM protein concentration
with 285 nm excitation; (C) circular dichroism spectroscopy at 25
µM protein concentration. The proteins were prepared in 10 mM
Tris, pH 8.2, 150 mM NaCl. The inset contains data normalized to
the wild-type hPRL peak maxima. All spectra were collected at 20
°C.
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tabulated in Table 1. The loss of activity observed with
G129C and K181C was expected since the mutations are
directly in the receptor binding pockets of hPRL. The M158C
mutation did not affect the biological activity of the hormone.
Mutations in site 1 right-shifted the agonist and antagonist
phase of the dose response curves. Mutations in site 2 (G129)
reduced the maximal activity of the protein.

The biological activity of the hPRLbp was determined in
a competition assay. The hPRLbp reduced the proliferative
effect of hPRL in a dose-dependent manner on FDC-P1 cells

transfected with the hPRL receptor, indicating that hPRLbp
bound and sequestered hPRL (data not shown).

Equilibrium Binding Experiments with Site 1 or Site 2
Blocked.M158C, G129C, or K181C hPRLs were coupled
to a CM5 sensor chip at various densities from 100 to 1000
RU. Five independent experiments were performed. A
saturating concentration of the receptor (100µM) was flowed
across the chip surface, and the amount of receptor binding
was determined (Figure 4A). Receptor binding to M158C,
G129C, or K181C hPRLs approached equilibrium within a
few seconds. M158C hPRL shows the maximum binding
capacity, as expected since both binding sites are available.
G129C hPRL (where site 2 is blocked) bound approximately
60% of the receptor that bound to M158C hPRL, while
K181C hPRL (where site 1 is blocked) lost approximately
95% of the binding capacity when compared to M158C
hPRL. This suggests that receptor binding at site 2 is
dependent on prior receptor occupancy at site 1, but receptor
binding at site 1 occurs regardless of receptor binding at site

Table 1: ED50 Values of the Various hPRL Mutants

mutant ED50 (nM)

wild-type hPRL 0.83
M158C 0.80
G129C 3.08
K181C 37.83
G129R/M158C 8.96
K181A/M158C 10.71
R176A/K181A/M158C 9.70

FIGURE 4: Equilibrium experiment using SPR. In panel A, 100µM hPRLbp was passed over a CM5 sensor chip to which the hPRL
cysteine mutants were coupled via disulfide bonds. A total of 300 RU of M158C hPRL, 300 RU of G129C hPRL, or 450 RU of K181C
hPRL was coupled to the chip. hPRLbp association was followed for 4 min, and the dissociation was followed for another 4 min by running
buffer over the chip surface. In panel B, the binding stoichiometry was calculated for five independent experiments.
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2. If the two receptor binding sites in hPRL function
independently, then at saturating receptor concentrations, both
sites of wild-type hPRL should be occupied with receptor
and the K181C mutant should have a similar receptor binding
profile as G129C hPRL. This was not observed.

The average RU of receptor bound per RU of ligand
attached was corrected for the relative molecular weights of
the ligand and analyte, and the stoichiometric ratios of bound
receptor per hPRL were calculated (Figure 4B) as in eq 1.
The stoichiometries were 1.9( 0.4, 1.2( 0.4, and 0.1(

0.1 for M158C, G129C, and K181C hPRLs, respectively
(mean ( SD). These stoichiometries suggest that two
hPRLbps bind M158C hPRL, one hPRLbp binds G129C
hPRL, and no hPRLbp binds to K181C hPRL.

Kinetics of Receptor Binding to M158C and G129C.The
kinetic parameters for interactions between M158C or G129C
hPRLs and hPRLbp were successfully determined (Figure
5, Table 2) using the models described in the Experimental
Procedures and Appendix 1. The experiment was performed
a minimum of three times. Various concentrations of hPRLbp
(50, 80, 100, 200, 500, and 800 nM) were flowed at 50µL/
min in random order over a CM5 chip to which ap-
proximately 100 RU of M158C, G129C, or K181C hPRL
was bound. The binding curves for M158C hPRL were fit
to our strictly ordered binding model (equation 6A) and the
curves for G129C hPRL were fit to the 1:1 Langmuir binding
model. The binding curves from K181C hPRL could not be
accurately fit since the amount of receptor bound was too
low (less than 5 RU), providing binding information near
the level of noise in our data. Theø2 values for the fits were
less than 5, indicating a good fit, and the residuals (a measure
of the variance between the predicted model and the
experimental data) were less than 4 RU. The experimental
data for M158C and G129C hPRLs fit their respective
models well. We also attempted to fit the data for M158C
hPRL to a single-site model, but the fit was poor compared
to that of the strictly ordered binding model (data not shown).

The association rate constants and dissociation rate
constants for M158C and G129C hPRLs are presented in
Table 2. The data are an average of at least three experiments.
The equilibrium dissociation constant was derived from the
average rate constants. Whether site 2 was blocked or not,
the rate constants and derived equilibrium constants for site
1 did not significantly change when compared by a non-
parametricT-test (p > 0.05) (compareka1, kd1, andKD1 for
M158C and G129C hPRLs, Table 2). Thus, binding of the
receptor to site 1 was not greatly affected by the presence
or absence of a functional site 2. In addition, the affinities
at site 1 and site 2 appear to be similar (109 nM for site 1
compared to 153 nM for site 2). On the basis of the data
presented, it appears that the differential affinity model does
not describe the mechanism of hPRL/ hPRLbp interactions.
The binding of hPRL and hPRLbp appears to be functionally
coupled but atypically because site 1 binding influences site
2 but site 2 occupancy does not appear to influence site 1.
The best description for this process is a strictly ordered
binding process.

Receptor binding was also determined using another hPRL
mutant, I146C. This mutation was a control to ensure that
the results obtained with M158C were not an artifact of the
mutation. When equal amounts of M158C or I146C were
thiol-coupled to a sensor chip, they bound equal amounts of

FIGURE 5: hPRLbp binding kinetics for the binding site cysteine
mutants. The receptor (50, 80, 100, 200, 500, and 800 nM) was
passed in random order over a CM5 chip to which about 100 RU
of the various cysteine mutants was coupled. Association kinetics
was followed for 5 min, and dissociation kinetics was followed
for another 5 min by running buffer across the chip. The data for
M158C hPRL (A) was fit to the two-site sequential-binding model
and that for G129C hPRL (B) was fit to the 1:1 binding model.
Data for K181C hPRL (C) could not be fit because the amount of
bound hPRLbp was too low to accurately determine the kinetics.
The solid lines (-) indicate the experimental data, and the dashed
lines represent the binding curves predicted by the models.

Table 2: Rate and Equilibrium Constants for Receptor Binding to the Cysteine Mutants

site 1 site 2

mutant
ka1 (M-1 s-1)

(×104)
kd1 (s-1)
(×10-3)

KD1

(nM)
ka2 (M-1 s-1)

(×103)
kd2 (s-1)
(×10-4)

KD2

(nM)

M158C 1.42( 0.22 1.57( 0.37 109.42 2.56( 0.46 3.91( 3.86 153.11
G129C 1.96( 0.09 1.19( 0.11 60.54
K181Ca

a Rate constants could not be calculated since the amount of receptor binding was too low.

13760 Biochemistry, Vol. 43, No. 43, 2004 Sivaprasad et al.



receptor and showed identical binding profiles (data not
shown).

Receptor Binding to hPRL Mutants with Increasing
Disruption in site 1 or site 2.Since using dextran to
completely disrupt site 1 or site 2 by the addition of a large
molecule was rather drastic, several mutations that incre-
mentally corrupt site 1 (K181A/M158C hPRL and R176A/
K181A/M158C hPRL) or site 2 (G129R/M158C hPRL) by
changing a few atoms were prepared and coupled to the CM5
chip through M158C. M158C hPRL was used as a control.
The kinetic experiments were carried out as previously
described for the cysteine mutants. The mutant hPRLs were
folded correctly as determined by spectroscopic techniques
(Figure 6A-C), but the biological activities were reduced
approximately 10-fold (Table 1); reductions in biological
activity are expected because the mutations will corrupt the
topology of one of the receptor binding sites.

The binding of hPRLbp decreased as one and then two
mutations were placed in site 1 (Figure 7A). In the case of
K181A/M158C hPRL, the bound hPRLbp fell to ap-
proximately 30% of M158C hPRL. The double mutation
(R176A/K181A) of site 1 reduced binding further to 20%
binding as compared to M158C hPRL. In the case of site 2
corruption (G129R/M158C), binding to hPRL by 800 nM
concentration of hPRLbp was approximately half of wild-
type hPRL (Figure 7B).

Corruptions in site 1 reduced receptor binding between
70% and 80%. If the two receptor-binding events are
independent, then the decrease should not be greater than
50% if the affinities for sites 1 and 2 are similar. Thus, our
results indicate that binding at site 2 must be diminished
along with site 1 binding. These results provide further
support for the idea that receptor binding at site 1 is the
critical step for binding at site 2 and formation of the trimeric
hPRL-hPRLbp complex. The 50% decrease in receptor
binding with the G129R hPRL was expected because
alteration of site 2 reduces its affinity for hPRLbp but fails
to influence the affinity of site 1 for hPRLbp. This study
again indicates that site 1 binding is independent of site 2
binding.

Corruption of site 2 (G129R/M158C) did not significantly
impact receptor affinity at site 1 (98.6 nM) compared to
M158C hPRL (109.4 nM), again showing the inability of
site 2 function to influence site 1. As expected, receptor-
binding affinity at site 2 decreased about 10-fold in G129R
hPRL, increasing theKD from 153 to 1691 nM. The R176A/
K181A corruption of site 1 decreased the receptor binding
affinity at site 1 approximately 25-fold (2530 nM). The
mutations in site 1 reduced the binding to such an extent
that we could not reliably measure the affinity at site 2.

FRET Spectroscopy To Demonstrate Conformation Change.
To determine whether hPRL (like hGH) undergoes a
conformation change upon receptor binding at site 1, FRET
spectroscopy was performed. We labeled M158C hPRL with
a fluorochrome (CPM) via a maleimide coupling chemistry
that displays a high propensity for reacting with free cysteine.
This site is distal to the two hPRLbp binding sites in hPRL
and would be the greatest distance from the tryptophans
contained in hPRLbp binding at site 1 or 2. By placing the
CPM at position 158, most of the signal would be generated
by energy transfer from the two tryptophans in hPRL (W91
and W150). The downside of 158C-linkage is that position

158 is not within site 2; thus a change in the FRET signal
will indicate a conformation change in hPRL but may not
address the situation in site 2. Alternatively, linking CPM
in site 2 was considered. Placement here would bring CPM
closer to the tryptophans in hPRLbp, mixing the signal from
a conformation change with that for hPRLbp binding and
proximity.

CPM labeling was verified by mass spectrometry, and
approximately 25% of the protein was labeled. A peak with

FIGURE 6: Spectroscopic characterization of the site 1 and site 2
mutants: (A) UV absorption at 25µM protein concentration; (B)
fluorescence spectroscopy at 1µM protein concentration with 285
nm excitation; (C) circular dichroism spectroscopy at 25µM protein
concentration. The proteins were prepared in 10 mM Tris, pH 8.2,
150 mM NaCl. The inset contains data normalized to the wild-
type peak maxima. All spectra were collected at 20°C.
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a molecular weight corresponding to a single bound CPM
was the predominant labeled form. A small peak correspond-
ing to two bound CPM was also observed. The UV
absorption spectra of labeled and unlabeled M158C hPRL
were compared to verify that the tertiary structure of the
protein was unaffected by the labeling process (data not
shown). The unlabeled protein has a characteristic 280/250
nm UV adsorption ratio around 2. However this ratio is
lowered to about 1 in the labeled protein due to an increased
absorption at 250 nm. This suggests that the labeling has
placed a strain on one or more of the disulfide bonds but
failed to break the bond. If a disulfide bond had been broken,
the absorbance at 250 nm would decrease and the 280/250
nm absorption ratio would have increased. On the basis of
the mass spectrometry data indicating a small population of
hPRL containing two CPM, it appears that only a small
portion of protein may have a broken disulfide bond, and
this might strain the remaining disulfide bonds on the double-
labeled species. A portion of the labeled M158C hPRL then
might have a broken disulfide bond and a CPM label at the
reduced cysteine, thus making it unable to bind hPRLbp.

A 1 µM concentration of CPM-labeled M158C hPRL was
incubated with increasing concentrations of hPRLbp that
provided stoichiometric ratios between 0.5 and 2.5 for
hPRLbp and total hPRL binding sites. The concentrations
of hPRL and hPRLbp were within 10-50 times the apparent
KD; thus, increasing hPRLbp concentrations should produce
FRET signals on the ascending portion of the binding
isotherm. The reactions were allowed to approach equilib-

rium. The intrinsic tryptophan residues were selectively
excited at 295 nm, and emission spectra were collected from
300 to 570 nm (Figure 8). The CPM emission maximum
was approximately 469 nm, while the tryptophan emission
maximum was approximately 340 nm. CPM fluorescence
increased with hPRLbp concentrations. The distance-de-
pendent increase in energy transfer from tryptophan residues
to CPM suggested a hPRLbp binding-induced reduction in
distance between the two fluorochromes.

FIGURE 7: Binding profiles of the site 1 and site 2 mutants. hPRLbp (800 nM) was passed over a CM5 chip to which about 100 RU of the
various mutants was coupled. Association kinetics was followed for 5 min, and dissociation kinetics was followed for another 5 min by
running buffer across the chip.

FIGURE 8: Fluorescence resonance energy transfer (FRET). CPM-
labeled M158C hPRL (1µM) was mixed with increasing receptor
concentrations and allowed to come to equilibrium at 25°C for 1
h in 10 mM NH4HCO3, pH 7.0. Samples were excited at 295 nm,
and spectra were collected from 300 to 570 nm.
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An additional source of transferred energy could possibly
come from the tryptophan residues in hPRLbp. We used the
model of ovine placental lactogen bound to two rat prolactin
receptors (22) to evaluate the distances between CPM and
the tryptophans in either hormone or bound PRLbp. The
sequences of hPRL/oPL and hPRLbp/rPRLbp were aligned
to identify corresponding residues, and the relative positions
of the corresponding residues were visually compared in the
structures (PDB nos. 1F6F, 1BP3, and 1N9D) to confirm
the appropriateness of the alignment. Rat and human PRLbp
shared a 72% sequence homology and retained the topology
of all tryptophans. oPL and hPRL shared a 45% sequence
homology and retained the identical positions for their two
tryptophans. Thus, we concluded that oPL/rPRLbp was an
appropriate model for hPRL/hPRLbp. Distance measure-
ments showed that the CPM label at residue 158 (corre-
sponding to residue S160 in oPL) was approximately 14 and
27 Å from the nearest tryptophans in the hormone and rat
PRLbp, respectively. Since the rate of energy transfer is
inversely proportional to the sixth power of the distance, little
energy is likely to be transferred from the tryptophans in
hPRLbp. A similar distance (15 Å) was measured between
the closest tryptophan and theR-carbon of hPRL, confirming
the utility of the model. The increased fluorescence of CPM
can thus be largely be attributed to an increased transfer of
energy from the tryptophans in hPRL. The simplest explana-
tion for this energy transfer is that there is a conformation
change in the hormone upon receptor binding that brings
the two fluorochromes closer together. The changes in
fluorescence intensities are quantified in Table 3. The
specificity of the signal was demonstrated by its quenching
with a 50-fold excess of unlabeled hPRL (data not shown).

DISCUSSION

Using a novel approach to selectively block one or the
other receptor binding sites in hPRL, we demonstrated a
dependency of receptor binding at site 2 on occupancy of
site 1 (Figures 4 and 5). In the absence of receptor at site 1,
there was no occupancy or measurable affinity for the
receptor at site 2 (Figure 5, Table 2). Once site 1 was
occupied, there was a dramatic increase in site 2 affinity
(Table 2). Incremental corruption of site 1 decreased the
amount of receptor bound by greater than 50%, up to 80%
with two site 1 mutations (Figure 7). These data showed that
inhibition of binding at site 1 reduced the binding at site 2,
because the inhibition was more than the 50% predicted if
the sites were functionally independent. In contrast, mutating
G129 to arginine in site 2 decreased the amount of receptor
bound by approximately 50% (Figure 7), which would be
expected if site 2 binding did not affect site 1. In addition,
site 2 affinity in G129R hPRL decreased about 10-fold
without a significant impact on site 1 affinity. Therefore,

site 2 occupancy does not noticeably influence site 1 binding.
These data support a strictly sequential binding mechanism
for hPRL and hPRLbp. Binding studies of the hGH-hGHbp
complex where site 2 was blocked using a monoclonal
antibody showed that site 1 affinity is not altered by a
blocked site 2 (10), suggesting a similar model for both
hormones.

The FRET data supported the idea that a conformation
change was the mechanism of communication between sites
1 and 2 (Figure 8). Our previous studies in hGH identified
a hydrophobic motif that functionally coupled sites 1 and 2
(20). Site-directed mutagenesis also suggested that a similar
motif might function in hPRL to couple sites 1 and 2
(Sivaprasad and Brooks, manuscript in preparation).

Sites 1 and 2 in hPRL were functionally coupled; thus a
relationship of reciprocity may exist (Appendix, eq 5A) (32).
Our data indicated that reciprocity was not observed because
blocking site 2 did not significantly change site 1 affinity.
M158C hPRL site 1 affinity was 109 nM, while G129C site
1 affinity was 60 nM; these values were not significantly
different when the results of several experiments were
compared. If reciprocity were present, then blocking site 1
would affect receptor binding at site 2, and blocking site 2
would affect binding at site 1. We observed coupled function
in only one direction, site 1 binding activated site 2; thus, a
different model than that in eq 5A needs to be invoked. Our
data were consistent with a strictly ordered binding reaction
(see Appendix).

In this mechanism, reciprocity was not apparent, and this
strictly ordered model did not violate the first law of
thermodynamics (the conservation of energy). We suggest
that the energy derived from site 1 binding was partitioned
with a portion paying for the conformation change of the
hormone (and perhaps receptor) and the remainder lost as
free energy. In the absence of site 1 bound receptor, site 2
binding was undetectable, and thus, the ability of site 2
binding to modulate site 1 affinity could not be tested.

Finally, the structure of the heterotrimeric hormone
receptor complex complicates this model. Site 1 binding is
thought to occur between distinct surfaces of hPRL and
hPRLbp. The subsequent binding of the second hPRLbp to
the dimeric complex uses two distinct binding surfaces; the
first surface is between hPRL and hPRLbp, and the second
surface is between the C-terminal domains of the two
hPRLbp. In hGH/hGHbp binding the interface between the
two hGHbps is responsible for generating a significant
portion of the free energy of the second receptor interaction
(33). The C-terminal interaction of the two receptors has yet
to be measured for hPRLbps. But such an interaction will
most probably affect the dissociation kinetics of the hPRLbp
bound at site 1, thus being dependent on the binding status
of the second receptor. In such a complex system, the
reciprocal relationship between sites 1 and 2 demanded by
functional coupling is obscured by the multisurface binding
architecture.
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APPENDIX 1. DERIVATION OF AN ORDERED
BINDING OF HUMAN PROLACTIN BINDING
PROTEIN TO HUMAN PROLACTIN

The binding of hPRL to the hPRL receptor is a process
that produces a heterotrimeric 1:2 hormone/receptor complex.
The simplest model for formation of such a complex is where
hPRL has two independent binding sites. When the inde-
pendent binding site model is used, the reactions of hPRL
and hPRLbp are

(Note that the numbers in parentheses represent the state of
sites 1 and 2 on hPRL; the units place represents site 1, and
the tens place represents site 2 with “0” indicating no bound
receptor and “1” indicating a bound receptor).

If this model is correct then the order of receptor binding
to hPRL can follow two pathways that can be summarized
as follows:

In this model, binding is sequential but the order of binding
is not specified, consistent with two independent binding
sites.

Based on our SPR equilibrium experiments using saturat-
ing hPRLbp concentrations (Figure 3), we observed that site
2 does not bind hPRLbp unless site 1 has been bound first.
In fact, the site 2 affinity in the absence of site 1 binding is
not measurable with our SPR techniques. Therefore,k2on is
zero for reaction 2A. We assume that H(01)R is not produced
by the dissociation of hPRLbp from site 1 of H(11)RR. We
make this assumption on the basis of the observation that
hPRLbp dissociation is less likely to occur from the 2:1
complex because the hPRLbp bound at site 1 is also held to
the complex by the attraction occurring between the two
C-terminal domains of the hPRLbps. Bernat and colleagues
have observed that much of the energy for formation of the
trimeric complex between hGH and hGH bp comes from
the interactions of the C-terminal domains of the receptor
(33). Thus, H(01)R is unlikely to be produced by either the

forward (reaction 2A) or reverse (reaction 4A) mechanisms.
Consequently, the concentration of H(01)R will remain zero.
Under these circumstances, the binding reactions simplify
to

where both binding and dissociation are strictly ordered
processes.

The differential equations for this ordered binding are

These equations were used to find the best-fit simultaneous
solution for site 1 and site 2 binding using BiaEvaluation
software 3.0.

Finally, on the basis of experiments where we demon-
strated that the initial binding rates were not influenced by
the flow rate of the hPRLbp solution, we concluded that
binding at the chip surface was not influenced by depletion
of the adjacent aqueous layer and the limits of analyte
diffusion. On the basis of these findings, we have assumed
that the analyte concentration throughout the system was
identical to the concentration in the stock solution at any
time during the binding experiments and that the free analyte
concentration during the off rate studies was essentially zero.
These assumptions are supported in our studies where
binding hPRL to the chip surface at different densities did
not systematically influence measured rates.
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