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ABSTRACT: Human prolactin (hPRL) binds two humanprolactin receptormolecules, creating active heterotrimeric
complexes. Receptors bind dissimilar hormone surfaces termed site 1 and site 2 in an obligate ordered process. We
sought to map the functional epitopes in site 1 of hPRL. Extensive alanine mutagenesis (102 of the 199 residues)
showedapproximately 40%of thesemutant hPRLs changed theΔG for site 1 receptor binding. Six of these residues
are within 3.5 Å of the receptor and form the site 1 functional epitopes. We identified a set of noncovalent
interactions between these six residues and the receptor. We identified a second group of site 1 residues that are
between 3.5 and 5 Å from the receptor where alanine mutations reduced the affinity. This second group has
noncovalent interactions with other hormone residues and stabilized the topology of the functional epitopes by
linking these to the body of the protein. Finally, we identified a third group of residues that are outside site 1 (>5 Å)
and extend to site 2 and whose mutation to alanine significantly weakened receptor binding at site 1 of prolactin.
These three groups of residues forma contiguous structuralmotif between sites 1 and2of humanprolactin andmay
constitute structural features that functionally couple sites 1 and 2. This work identifies the residues that form the
functional epitopes for site 1 of human prolactin and also identifies a set of residues that support the concept that
sites 1 and 2 are functionally coupled by an allosteric mechanism.

Human prolactin (hPRL)1 is representative of a class of four-
helix bundle hormones and cytokines (1, 2). hPRL binds the
hPRL receptor, creating an active trimeric complex composed of
one hPRL and two receptors (3). The binding reaction for hPRL
or any lactogenic hormone is an obligate ordered process (4, 5) in
which a receptor binds a surface of hPRL (site 1) inducing a
conformational change in hPRL that organizes residues to forma
second receptor-binding surface (site 2) capable of subsequently
binding a second hPRL receptor. The hPRL receptor is composed
of an extracellular domain (hPRLr), containing an N-terminal S1
subdomain and aC-terminal S2 subdomain (6), a single transmem-
brane domain, and a structurally uncharacterized intracellular
domain. Studies of human lactogenic hormones suggest site 1 is
composed of residues within helices 1 and 4 as well as the loop
connecting helices 1 and 2 (7). The second receptor binds two sur-
faces of the heterodimeric hPRL-hPRLr complex, the first
consisting of residues in helices 1 and 3 (8) and a receptor-receptor
interface of the S2 subdomains (9).

Members of this class of human signaling proteins, including
hPRL, growth hormone (hGH), placental lactogen (hPL), leptin,
and erythropoietin, all form similar trimeric structures during
receptor binding (1, 2). These hormones and their interactions

with receptors have been characterized by both mutagenic and
structural studies. Two structures of hPRL (10, 11) and a struc-
ture of mutant hPRL bound to one hPRLr have been pub-
lished (12). In addition, several structures of mutant hPRLs or
wild-type hPRL bound to the extracellular domain of the rat
prolactin receptor have been published (3, 13).

Energetic and structuralmappingof the surfaces of hGH(14, 15)
and hPL (16) binding to the hPRLr has been reported, but the
mapping of the energetics of hPRL binding to hPRLr has not been
reported and compared to those of other lactogenic hormones.
hPRL is the least conserved lactogenic hormone (<25% homo-
logous to either hGHor hPL) andmay have themost unique set of
binding residues. Both structural information and energetic map-
ping are necessary to identify residues that formnoncovalent bonds
with hPRLr or are required for the functional coupling of sites 1
and 2. Analysis of this information is critical for the rational design
of antagonists or for understanding themechanismbywhichhPRL
agonists and antagonists regulate receptor activity. Site-directed
mutagenesis frequently has been used to identify binding interfaces
as well as interactions within prolactin that either maintain struc-
ture or functionally couple sites 1 and 2 (4, 17-35). These studies
have used a variety of functional end points to assess the effects of
mutations, including binding of 125I-labeled hormone to cells or
membranes containing prolactin receptors or cellular biological
assays that typically use growth as their end point. Mutagenic
studies using these end points have not discerned binding to either
site 1 or site 2 and thus failed to unambiguously identify energe-
tically significant residues within specific binding surfaces, or in
motifs that functionally couple sites 1 and 2.

In this report, we have used alanine scanning mutagenesis to
evaluate 102 of the 199 residues of hPRL to determine the role of
their side chains when hPRLr binds site 1. We chose the residues
to be studied on the basis of data indicating their possible location
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within site 1 or 2 (the N-terminus, helices 1, 3, and 4, loop 1, and
the C-terminus), residues evaluated in earlier mutagenic studies
that influenced either global receptor binding or biological func-
tion (17-21), and structural studies of homologous hormone-
receptor complexes (6, 36). We measured the kinetics of binding
of hPRLr to site 1 of the wild type and each of the alanine
mutants of hPRL and calculated the kinetic rate constants, Kd

values, and ΔG values to determine the effects of each of these
mutations directly on site 1 binding. Differences in theΔG values
between wild-type and mutant hPRLs were calculated (ΔΔG)
and used as a measure of the effect of individual mutations. This
information was used with a high-resolution (2.55 Å) hPRL-
hPRLr structure (12) to identify the energetically important
residues within site 1 and those functionally coupling site 1 with
site 2.

EXPERIMENTAL PROCEDURES

Vectors, Bacterial Strains, and Mutagenesis. The pT7-7
phagemid containing the coding sequence for methionyl hPRL
was prepared by Peterson et al. (37). The pT7-7 phagemid
encoding receptor residues 1-210 and both an N-terminal
methionyl and a C211-terminal cysteinyl (hPRLrC211) was pre-
pared by Voorhees and Brooks (5) from the vector provided by
Sivaprasad and Brooks (4). We chose to couple hPRLr to the
surface plasmon resonance (SPR) chip so that only site 1 binding
would be evaluated in these studies. Use of the C211 residue bound
to the SPR chip provided a chip surface with identical coupling
chemistries. The complete sequences of each insert were confirmed
by DNA sequencing (38). Alanine scanning mutagenesis of exten-
sive portions of hPRL was performed by the Quikchange meth-
od (39). Primers for converting each of the 108 residues investigated
in this study to alanine in the 199-residue hPRLwere prepared and
are available as Supporting Information (Appendix S1). In pre-
liminary work, the biological activities of wild-type methionyl
hPRL were similar to that of the natural hormone.
Selection of Sites of Mutation. Our goal was to investigate

regions of the hPRL sequence by alanine mutagenesis that had
been previously associatedwith hPRLreceptor binding. Thus, we
sought to prepare a set of mutant proteins able to bind the receptor
at either site 1 or site 2. Selection of the residues for alanine
mutagenesis was performed using homologous structures for hGH
bound to either the extracellular domainof the hGHreceptor (PDB
entry 2HHR) (40) or hPRLr (PDB entry 1BP3) (6), and the
structure of ovine placental lactogen bound to the rat PRLr
(PDB entry 1F6F) (36). Hormone-receptor distances of <3.5 Å
were used to identify residues within hormone-receptor inter-
faces (41). Sequence alignments of these hormoneswith hPRLwere
subsequently used to identify sequences that might be within the
receptor’s binding sites. In addition, results frommutagenic studies
of hPRL were used to identify additional residues (17-21). These
calculations provided several sequences that were further length-
ened to ensure a thorough coverage of hPRL. This method pro-
vided four long sequences, including residues P5-K42, I51-N76,
A108-S135, and A167-N198, a total of 120 residues. Alanines
(eight residues) and cysteines (four residues) were not investigated
(leaving a total of 108 mutant hPRLs). Three residues failed to
produce mutants, and three failed to express (leaving 102 mutant
hPRLs). Finally, one protein failed to provide surface plasmon
resonance data (leaving 101 mutant hPRLs providing essentially
complete data sets). We obtained 94% coverage of the 108 mutant
hPRLs we investigated. The 102 residues whose mutations to

alanines were evaluated and projected on the structure of hPRL
(12) (Figure 1, top panel). These sequences provided substan-
tial coverage of the structural features: 7 of 14 residues of the
N-terminus, 27 of 29 residues of helix 1, 19 of 34 residues of loop 1

FIGURE 1: Spatial arrangement of hPRL residues studied by alanine
mutagenesis. In the top panel, hPRLr is colored purple-blue and hPRL
pale silver in the crystal structure of an hPRL antagonist bound to
hPRLr (12). Superimposed colored segments in hPRL correspond to
sections of the protein that were chosen for alanine scanning. These
sections correspond to the following residues:N-terminus, 5-7, 10, and
12-14 (green); helix 1, 15-21 and 23-42 (green); and loop 1, 52, 53,
55-57, 59-63, 65-68, 71, and 73-76 (orange). Disruption of the
C-terminal disulfide loop in PRLs has reduced the activities of these
mutants: loop 2, 110; helix 3, 112-115 and 117-135 (yellow); helix 4,
168-173, 177-184, 186-190, and 192 (red); andC-terminus, 193, 194,
and 196-198 (cyan). This hPRL structure has its first 11 residues
truncated, a region into which four mutations were introduced in this
study. In the bottompanel, hPRLr is colored yellow and hPRLpurple-
blue. Site 1 structural epitopes in hPRL (27 residues 5 Å from hPRLr)
are colored red. Colored green are the 14 residues within site 1 that
display significant ΔΔG values.
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(mostly in the C-terminal end), 1 of 7 residues connecting helices
2 and 3, 23 of 27 residues of helix 3, 21 of 33 residues in helix 4, and
4 of 6 residues in the C-terminus. Helix 2 and loop 2 were not
investigated.
Expression, Folding, and Purification of Proteins. Wild-

type hPRL, hPRLrC211, and the 102 alanine hPRLmutants were
expressed and purified as previously described (4, 37). Briefly, each
of the plasmids was transformed into BL21(DE3) Escherichia coli
and selected by resistance to ampicillin. Single colonies were
selected and expanded by continuous log-phase growth at 37 �C
to anA600 of 0.3. Expressionwas initiated by addition of IPTG to a
concentration of 0.4 mM. Expression was continued for 3-4 h,
and the bacteria were homogenized by two passes through a
French pressure cell. Inclusion bodies were collected by centrifuga-
tion, solubilized in 100 mM Tris (pH 11) and 4.5 M urea, and
folded during dialysis into 20 mM Tris (pH 7.5). Folding was
followed by application to a DEAE-Sephadex column and elution
with a NaCl gradient. Each protein was dialyzed against 10 mM
NH3HCO3 and subsequently lyophilized under conditions with a
60-100 �C temperature differential and a vacuum of less than 100
μbar (42). Final yields (dry weight) for each liter of bacterial
fermentationwere generally between 2 and 30mg of protein. These
procedures have been shown to produce wild-type hPRLs with
activities indistinguishable from those of pituitary isolates.
Characterization of Recombinant Proteins. The recombi-

nant proteins were evaluated for size and purity using SDS-
containing 12% PAGE under reducing conditions. Protein
folding was assessed by fluorescence (model LS-55, Perkin/
Elmer) (43) and circular dichroism (CD) spectroscopy (model
202, Aviv) (44) at 20 �C in 10 mM Tris (pH 8.2) and 150 mM
NaCl. We chose these two methods to identify grossly unfolded
proteins on the basis of the environment of the intrinsic trypto-
phan fluorochromes and the extent of helix formation.
Preparation of hPRLrC211 for Disulfide Bonding to a

SPR Chip. hPRLrC211, containing a cysteine at position 211,
was suspended in 10 mM sodium phosphate buffer (pH 7.4).
hPRLrC211 was treated with an equimolar amount of DTT for 5
min at room temperature to reduce the free cysteine at the
C-terminus of the protein. hPRLrC211 was desalted with a PD-10
column (Amersham Biosciences), concentrated to 500 μL using a
Microcon YM-10 centrifugal concentrator (Millipore), and
stored at 4 �C. hPRLrC211 concentrations were determined by
measuring the absorbance at 280 nm and using a calculated
extinction coefficient of 66140 cm-1 M-1 (45).
Thiol Coupling to the CM5 Chip. Experiments were

performed using a Biacore 3000 (GE Healthcare) at 25 �C.
hPRLrC211 was thiol-coupled to the carboxymethylated dextran
surface of a CM5 sensor chip using the engineered C-terminal
cysteine. The flow rate during ligand coupling was 5 μL/min. The
chip surface was prepared by being washed with HBS-EP buffer
[10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and
0.005% (v/v) Tween 20 (Biacore, Piscataway, NJ)], followed by
activating each flow cell with 10 μL of 50 mM N-hydroxysucci-
nimide (NHS) and 20 mM N-ethyl-N0-(dimethylaminopropyl)-
carbodiimide (EDC). Disulfide groups were introduced via injec-
tion of 20 μL of 80 mM 2-(2-pyridinyldithio)ethaneamine in
50 mM NaHCO3 (pH 8.5). To ensure that ligand only bound
via thiol coupling, the remaining NHS/EDC groups were blocked
using 35 μL of 1 M ethanolamine (pH 8.5). hPRLrC211 at a
concentration of 25-35 μg/mL was diluted 10-fold in 10 mM
sodium acetate buffer (pH 4.5). To prevent protein degradation at
low pH, 5-8 μL of this dilute protein was immediately injected

over the activated chip surface. hPRLrC211 at a concentration of
2.5-3.0 μg/mL was linked through a thiol-disulfide exchange,
fixing approximately 100 RU to the chip surface. The unreacted
groups on the chip were blocked using 35 μL of 50 mM cysteine in
20mMsodiumacetate (pH4.5) and 1MNaCl. A control lanewas
prepared on each chip by activating and blocking the chip surface
as described above, with no protein bound.
Binding of hPRLs to hPRLr. Before the receptor binding

experiments with the hPRLmutants were performed, the activity
of the hPRLrwas assessed by flowing 1 μMwild-type hPRL over
the chip surface for 4 min. Dissociation was monitored for 8 min,
after which the chip surface was regenerated with 10 μL of 4.0 M
MgCl2 (pH 7.4) to remove bound hormone. Evaluation of the
kinetic binding data yielded an affinity constant that was similar
to previously published data (16) that had been produced using
SPR technology and human proteins. Therefore, we concluded
that both hPRLr and hPRL were well-folded and that the
immobilization of hPRLrC211 did not influence hPRL binding.

All binding experiments were performed inHBS-EPbuffer at a
flow rate of 50 μL/min. Concentrations of hPRLmutants chosen
for kinetic experiments were 0, 10, 100, 1000, and 5000 nM.These
concentrations of each mutant hPRL were injected in random
order over the chip surface, and the hPRL-hPRLr binding was
recorded for 4 min followed by an 8minHBS-EP buffer injection
recorded to follow hPRLdissociation. The kinetic data were used
to calculate the on and off rate constants and, subsequently, the
Kd and ΔG for each hPRL. The chip surface was regenerated by
being treated with 10 μL of 4 M MgCl2 (pH 7.4). Five minutes
after regeneration, a buffer injection was performed to clean the
needle of MgCl2 to minimize carryover into subsequent pro-
tein injections. Binding data were doubly referenced prior to
evaluation to ensure that the affinity constant was reliable and
accurate (46). Groups of 4-10 mutant hPRLs were assessed in
separate, sequential runs; approximately 1 week of continuous
SPR operation was required to collect the entire data set. Injec-
tions of 1 μMwild-type hPRL were performed at the beginnings
and ends of each run to evaluate changes of the hPRLrC211
associatedwith the chip surface. In all, therewere 16 pairs of wild-
type hPRL controls run during the evaluation of all 102 mutant
hPRLs. The data for mutagenesis, expression and purification,
purity, circular dichroism and fluorescence spectra, raw SPR
data, forward and reverse rate constants, and dissociation con-
stants for these 102 hPRL mutants are available (Supporting
Information, Appendix S1).
Evaluation of the Kinetic Data. BIAevaluation 3.0 (Biacore)

was used to simultaneously fit three to five binding curves for
eachmutant to a simple 1:1 Langmuir bindingmodel. Thismodel
was chosen for fitting the data because avidity effects are highly
unlikely at the low surface density of immobilized hPRLrC211
(<100 RU), and we have previously demonstrated that chip
protein densities and pump rates used in our studies did not
produce such methodological bias (4, 5). The association and
dissociation rate constants (k1 and k-1, respectively) were cal-
culated, and from these data, the dissociation constants (Kd =
k-1/k1) and free energies [ΔG= -RT ln(1/Kd)] were calculated.

No systematic changes in the control reactions of wild-type
hPRL binding to the hPRLr were observed during the binding
analysis of the 102mutant hPRLs.Nodifferences in theKd values
of the controls run at the beginning and endof each analytical run
were detected by paired-T analysis. In addition, no changes in the
Kd values of the controls were observed when analyzed by one-
way analysis of variance.
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Identification of the Structural Epitopes in Site 1 of
hPRL. Identification of the residues that constitute site 1 is
necessary for describing the structural epitopes, of which func-
tional epitopes are a subset. The structure of a mutant hPRL
(Δ1-11, Q12S, G129R) bound in a 1:1 complex with hPRLr (12)
was used to identify residues constituting site 1 of hPRL because
this structure had the highest resolution (2.55 Å) at the time of
analysis. A 5 Å distance between hPRL and hPRLr was used as
the cutoff to identify site 1 structural epitopes using PyMol (47).
Identification of Functional Epitopes in Site 1 of hPRL.

We chose to define functional epitopes as residues revealing a
high probability of forming noncovalent contacts with hPRLr.
hPRL residues lying within 3.5 Å of hPRLr were identified using
PyMol. We chose a cutoff distance of 3.5 Å to identify non-
covalent interactions using COOT (48).

RESULTS

Characterization of Recombinant Proteins. Wild-type
and mutant hPRLs were >95% pure with a molecular mass of
23 kDa as judged by SDS-containing 12% PAGE. hPRLrC211
was a single protein with a molecular mass of 24 kDa (Supporting
Information, Figure S1 and Appendix S1). Fluorescence spectros-
copy characterized the tryptophan environment (W91 andW150),
while CD spectroscopy characterized the secondary structure.
Generally, neither was changed by mutation. The close overlay
of the fluorescence spectra of wild-type and six alanine mutant
hPRLs located in site 1 and displaying significant ΔΔG indicates
the structures have not been changed significantly by alanine
mutation (Supporting Information, Figure S2). The CD spectra
for these sixmutant hPRLswere similar to that ofwild-type hPRL,
displaying a minimum at 222 nm but often a small shoulder at

208 nm (Figure 2). The hormones were all R-helical as judged by
their CD spectra. Five mutant hPRLs, including Q12A, F19A,
L127A, R177A, and D178A, displayed significant changes in their
CD spectra, suggesting these residues are critical to the native struc-
ture of the hormone. Each of these structurally disrupted mutants
displayed a significant reduction in the strength of hPRLr binding.
As expected from the available structural information (3, 6, 12), the
hPRLrC211 spectra indicated a β-sheet structure.
Surface Plasmon Resonance Data and Calculation of

Rate Constants, Dissociation Constants, ΔG Values, and
ΔΔG Values. Kinetic SPR data describing binding and dis-
sociation were successfully obtained from 101 mutant hPRLs; one
hPRLmutant,H195A, failed to provide sufficient data for analysis.
In addition, 32 single-concentration control experiments were
performed with wild-type hPRL at the beginning and end at each
group of mutant hormones (Supporting Information, Table S1).
Because of the cost and time involved in such a large study, each
mutant hPRL concentration was run only once in the SPR studies.
The forward rate constants for the mutant hPRLs binding to
hPRLrC211 varied approximately 10000-fold (between 5 � 102 and
4.2 � 106 M-1 s-1), with most of the k1 values indicating a slower
forward rate compared to the mean k1 for wild-type hPRL (3.67�
105 M-1 s-1). The k-1 values varied over a more narrow 30-fold
range (from 2.3� 10-2 to 7.3� 10-4 s-1). These values described a
more rapid dissociation formost of themutant hPRLs compared to
the mean k-1 obtained for wild-type hPRL (2.0 � 10-3 s-1). The
k-1/k1 ratios were used to determine the dissociation constants (Kd)
for mutant hPRLs. The Kd values for the mutant hPRLs varied
over a 10000-fold range (between 0.71 and 7690 nM). The dissocia-
tion constants were used to calculate the free energy (ΔG) for all
wild-type andmutant hPRLs [ΔG=-RT ln(1/Kd)]. TheKd values

FIGURE 2: CDspectraofwild-type and sixmutanthPRLswith significantΔΔG values for site 1 andnoncovalent contactswithhPRLr.AnR-helix
has a characteristic CD spectrumwith a negative peak at 222 nmbecause of the n-π* electron orbital transition and one at 208 nmbecause of the
π-π* electron orbital transition. The mean residue elipticity (MRE) is expressed in units of degrees square centimeters per residue per
millimole (44). The CD spectra for wild-type hPRL andmutants were measured, and the 222 nm peak for each of the mutants was normalized to
that of the wild type for comparison of differences in the 208 nmpeak between the wild type and amutant. Normalization was conducted because
manymutants had aCDsignalweaker than that of thewild type. This ismost likely due todifferences in concentration betweenproteins, although
slight differences in helical content cannot be ruled out. The protein concentrations were calculated by measuring the absorbance at 280 nm and
using a calculated extinction coefficient (45).
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for wild-type and mutant hPRLs were used to calculate the change
in free energy (ΔΔG) associated with alanine mutations {ΔΔG=
-RT ln[Kd(mutant)/Kd(wild-type)]}. This calculation will produce ne-
gative values for ΔΔG when the mutation weakens the binding of
hPRL to hPRLr at site 1.Kd, k1, k-1,ΔG, andΔΔG values for each
mutant hPRL are provided in Table S2 of the Supporting Informa-
tion. The mean Kd for wild-type hPRL was 7.47 nM, similar to
values previously obtained by SPR techniques (4, 5, 16). The
average free energy for wild-type hPRL was calculated to be
-11.09 kcal/mol with a standard deviation of 0.40 kcal/mol
(3.6% coefficient of variation).

The ΔΔG values for the alanine mutations of hPRLs varied
between -4.07 and 1.41 kcal/mol. The distribution of these ΔΔG
values is shown in Figure S3 of the Supporting Information. To
identify mutations that significantly altered the free energy of
binding hPRLr, we selected mutant hPRLs for which the absolute
values of ΔΔG values were greater than 3 times the standard
deviation (3� 0.40=1.20 kcal/mol) of theΔG forwild-type hPRL
(ΔG=-11.09 kcal/mol). Onemutant hPRL (S34A) boundwith a
significantly increased strength (0.71 nM), while 40 mutant hPRLs

exhibited significantly weaker binding (60.9-7690 nM) (Figure 3
and Table S2 of the Supporting Information).
Identification of Functional Epitopes. Forty-one residues

displayed significant ΔΔG values when mutated to alanine. Of
the 41 residues with significantΔΔG values, nine are within 3.5 Å
of the hPRLr surface (Figure 1, bottom panel, and Table 1), and
five residues are within 3.5-5.0 Å of hPRLr. The mutant hPRLs
within site 1 (<5.0 Å) displaying significant ΔΔG values include
I55, N56, P66, E67, Q73, R177, H180, K181, D183, N184, K187,
K192,N197, andN198. These site 1 residues are located in loop 1
(five residues), helix 4 (six residues), and the adjacent C-terminus
(three residues). Thirteen of the 14 hPRL residues in the site 1
structural interface have identifiable noncovalent interactions
with residues within hPRL, hPRLr, or both. Table 2 shows nine
residues are within 3.5 Å of hPRLr. Six of these nine residues
(N56 in loop 1,R177,D183,N184, andK187 in helix 4, andN197
in the C-terminus) were identified as functional epitopes because
they displayed significant ΔΔG values and revealed contacts
compatiblewith noncovalent interactionswith surface residues of
hPRLr (Table 2 and Figure 4, top panel). Four of these six

FIGURE 3: Summary of the locations and effects of alanine mutations on theKd andΔΔG of hPRL. TheKd andΔG for wild-type hPRL are 7.47
nM and -11.09 kcal/mol, respectively.
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functional residues also have noncovalent interactions within

hPRL. One residue, E67, provided a significant ΔΔG and was

within 3.5 Å of hPRLr but displayed no identifiable noncovalent

contacts with either hPRLr or hPRL. Residues H180 and N198

arewithin 3.5 Å of hPRLr but have noncovalent interactionswith

only other residues in the hormone (Table 2).
On the basis of earlier mutagenesis studies, helices 1 and 4 as

well as loop 1were thought to contain residues that constitute site
1 (20, 24). Surprisingly, we found no functional epitopes in helix
1. This is because all helix 1 residues that significantly affect
binding to hPRLr at site 1 are >5 Å from the hPRLr and
nonionic (F19, V23, S33, S34, and F37).

In addition to the 14 residues found within the hPRL-hPRLr
interface, 88 residues that were outside this interface were tested
(>5.0 Å from hPRLr). Of these 88 residues, 27 have significant
ΔΔG values. Mutation of one residue to alanine (S34A, 0.78 nM
and ΔΔG of 1.41 kcal/mol) produced an approximately 10-fold
increase in the strength of hPRLr binding. Mutation of the 26
remaining residues to alanine reduced the strength of binding of
hPRLr at site 1 (ΔΔG between -1.21 and -4.07 kcal/mol).

For site 2, six hPRL residues were identified to be within 3.5 Å
of the rat PRLr (PDB entry 3EW3) (Table 3 and Figure S4 of the
Supporting Information). Although an approximation, these
hPRL residues include D17, R21, R125, E128, G129, and L132
of hPRL and are found in eithe helix 1 or 3. P2 and Y3 are not
further considered because they represent an N-terminal se-
quence spliced from ovine placental lactogen to hPRL. Each of
these residues was tested, but only the L132Amutation displayed
a significant ΔΔG for site 1 binding. The influence of these
residues in receptor binding at site 2 remains to be determined.

When these residues were evaluated for noncovalent interactions
with rat PRLr bound at site 2 of hPRL,with the exception ofG129
each of the residues displayed several interactionswith atoms in rat
PRLr, hPRL, or both (Table S3 of the Supporting Information).

Finally, five mutant hPRLs exhibited significant changes in
theirCDspectra:Q12A,F19A,L127A,R177A, andD178A.These
residues are likely critical for the maintenance of the hormone’s
structure. Three of the mutant hPRLs are >5 Å from site 1 or
2 (F19A,L127A, andD178A).TheQ12Amutation iswithin 5 Å of
site 2 but has no noncovalent interactions. Only theR177Amutant
is within 3.5 Å of hPRLr in site 1 and is predicted to have nonco-
valent interactions with hPRLr (Figure 2). The CD spectrum for
R177A hPRL has a reduced signal at 208 nm when compared to
that of wild-type hPRLor those of the other fivemutants (Figure 2).

DISCUSSION

Analysis of theMutagenic Studies.We sought to provide a
high degree of sequence coverage by alaninemutagenesis to allow
identification of functional epitopes in site 1 of hPRL. Of the 108
residueswe desired to test, we succeeded in obtaining data for 101
residues, providing coverage of 94%. These residues composed
theN-terminus, helices 1, 3, and 4, loop 1, and theC-terminus; we
did not performmutagenesis in either helix 2 or loop 2 (Figure 1,
top panel). To ensure that the immobilized ligand was equally
active and functional during themultiday collection of SPR data,
we bound wild-type hPRL to hPRLrC211 at the beginning and
end of each batch of mutant hPRLs. No changes in wild-type
hPRL binding were detected between the Kd values obtained
from the beginning and end of each set of samples when analyzed
by a paired T analysis. A change in the Kd values over the course

Table 1: Residues of hPRL within the Site 1 Interface

27 hPRL residues

within 5.0 Å of hPRLr

18 hPRL residues

within 3.5 Å of hPRLr

14 hPRL residues with

significant ΔΔG values

within 5.0 Å of hPRLr

9 hPRL residues with

significant ΔΔG values

within 3.5 Å of hPRLr

H27 NSa

H30 H30 not significant

N31 N31 not significant

I51 NSa

T52 T52 not significant

I55 I55b

N56 N56 N56c N56c

P66 P66b

E67 E67 E67 E67

D68 D68 not significant

K69 K69 NSa

E70 NSa

Q73 Q73b

H173 H173 not significant

R176 R176 NSa

R177 R177 R177c R177c

H180 H180 H180b H180b

K181 K181b

D183 D183 D183d D183d

N184 N184 N184d N184d

Y185 NSa

K187 K187 K187d K187d

L188 L188 not significant

C191 C191 NSa

R192 R192b

N197 N197 N197d N197d

N198 N198 N198b N198b

aNot studied. bDetectable noncovalent bonds to other hPRL residues. cDetectable noncovalent bonds to hPRLr residues. dDetectable noncovalent bonds
to both hPRL and hPRLr residues.
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of the SPR experiment could not be detected when assessed by
one-way analysis of variance. These analyses indicate that the
hPRLrC211 linked to the chip surface had not degraded during the
course of data collection. These controls provide confidence that
the SPR binding studies for the mutant hPRLs are valid and that
our analytical system did not significantly change over the course
of data collection.

The Kd values for all wild-type hPRL binding controls were
used to calculate the mean (Kd = 7.47 nM). The mean ΔG for
wild-type hPRLwas-11.09( 0.40 kcal/mol, with a coefficient of
variation of 3.6%. We concluded that the measurement of rate
constants for our mutant proteins could be performed with
sufficient precision to allow accurate calculations of ΔΔG values
and identification of functional epitopes. We chose to define a
significant change in ΔG as 3 times the standard deviation of the
wild-type hPRL value (1.20 kcal/mol), providing a low prob-
ability of identifying residues that do not affect site 1 receptor
binding. Comparisons of the changes in the free energy between
wild-type and mutant hPRLs (ΔΔG) identified 41 of the 101

alanine mutations where the binding was changed (Figure 5). If
we had chosen to use two standard deviations as our cutoff, 16
additional mutant hPRLs would be identified. Fifty-seven pro-
teins displayed ΔΔG values that were within (2 standard
deviations of that of wild-type hPRL (Table S3 of the Supporting
Information). These data describe a bimodal distribution (Figure
S3 of the Supporting Information). The distribution of ΔΔG
values indicates that the single-alanine mutations produced a
group of proteins that did not bind hPRLr like wild-type hPRL.
When mutants influenced site 1 binding, they overwhelmingly
boundmoreweakly tohPRLrC211. This observation suggests that
many of thewild-type residues are preferential, and their presence
creates a nanomolar affinity that provides a functional binding
isotherm within the physiological range of hPRL concentrations
observed in humans. Residues identified by this method dis-
played fluorescence and circular dichroism spectra largely similar
to those of wild-type hPRL, suggesting that in most cases single-
alanine mutations did not significantly disrupt protein folding.
Thus, this set of mutant hPRLs identifies residues whose side

Table 2: Site 1 hPRL Residues with a Significant ΔΔG Binding to hPRL and hPRLra

functional epitope of hPRL ΔΔG (kcal/mol) interaction with hPRL residues interaction with hPRLr residues

Asn56 -2.06 none Asn56 OD1-N Gly44

Asn56 OD1-Cβ Glu43

Glu67 -1.75 none none

Arg177b -3.16 none Arg177 Nε-O HOH228

Arg177 Nε-O Trp72

Arg177 Cδ-O Trp72

Arg177 Cζ-O Trp72

Arg177 Cζ-Oε2 Glu43

Arg177 NH1-Oε2 Glu43

Arg177 NH1-O Trp72

Arg177 NH2-Oε2 Glu43

Arg177 NH2-Oδ2 Asp96

Arg177 NH2-Oγ1 Thr74

His180 -1.93 His180 Nε2-O HOH208 none

His180 Cβ-O Arg176

His180 Cβ-O Arg177

Asp183 -1.75 Asp183 Cβ-O Ser179 Asp183 Oδ2-Nε2 His188

Asp183 Cβ-O HOH208

Asp183 Cγ-O HOH208

Asp183 Cγ-Nζ Lys187

Asp183 Oδ2-O HOH208

Asp183 Oδ2-NZ Lys187

Asp183 Oδ1-N His27

Asp183 Oδ1-Oγ Ser26

Asp183 Oγ1-Nζ Lys187

Asp183 Oδ-Cε1 Lys187

Asp183 Oδ1-Cδ Lys187

Asn184 -1.70 Asn184 Cβ-O HOH208 Asn184 Oδ1-Nζ Lys17

Asn184 Cβ-O His180 Asn184 Cγ-Nζ Lys17

Asn184 Nδ2-O Trp139

Lys187 -2.43 Lys187 Cδ-Oδ1 Asp183 Lys187 Cδ-O HOH224

Lys187 Cε-Oδ1 Asp183

Lys187 Nζ-Oδ1 Asp183

Lys187 Nζ-Oδ2 Asp183

Lys187 Nζ-Cγ Asp183

Lys187 Nζ-Cβ His27

Lys187 Nζ-Nδ1 His27

Asn197 -1.27 Asn197 Nδ2-CR Arg192 Asn197 Nδ2-O HOH230

Asn198 -2.25 Asn198 Nδ2-O His195 none

Asn198 Nδ2-O Asn196

aPΔΔG for residues with hPRLr contacts:-2.06þ-3.16þ-1.75þ-1.70þ-2.43þ-1.27=-12.37 kcal/mol. These interface residues were not studied:
K69, R176, and C191. These interface residues were studied but had no significant ΔΔG values: H30, N31, T52, D68, H173, and L188. Note that only the Cβ
atom and beyond of each hPRL residue was used for identifying interactions. Interactions with the hPRL backbone were not taken into consideration for this
analysis. bAltered CD spectrum.
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chains are likely to be functionally significant and reside in site 1
or form a motif required for the site 1 binding-induced con-
formation change of hPRL that functionally couples sites 1 and2.

The residues identified with significant ΔΔG values can be
placed into the three groups that we believe are required to couple
sites 1 and 2. These include site 1 residues that directly interact
with the receptor (Table 2), site 2 residues that directly interact
with the receptor (Table 3), and residues that provide interactions
necessary for functional coupling of sites 1 and 2. Further, some

residues may participate in both receptor binding and functional
coupling of sites 1 and 2. These relationships are consistent with
our previous biophysical studies (4, 5) that demonstrate an
obligate ordered binding scheme that requires a functional
coupling between sites 1 and 2 and a structural motif coupling
the two receptor binding sites.
Analysis of Site 1 Mutations with Respect to Site 1

Binding. We used the 2.55 Å structure of N-truncated G129R
hPRLof Svensson et al. (PDB entry 3D48) (12) so we couldmost

FIGURE 4: Noncovalent bonds between hPRLandhPRLr in site 1 receptor-binding epitopes. In the top panel, residues are color-coded according
to atom type, with the carbon atoms of hPRL colored cyan and those of hPRLr yellow. Bonds are shown as dashed lines. There are three water
molecules in the site 1 interface that have important noncovalent interactions with hPRL residues. In the bottom panel, site 1 residues that
significantly impact binding affinity are colored pink, while the hPRL partners with which they interact are colored purple-blue. Noncovalent
interactions between hPRL residues are shown as green dashed lines.

Table 3: Site 2 Structural Epitopes of hPRL

location in hPRL

structural epitopes

within 5.0 Å of rat

PRLr at site 2

structural epitopes

within 3.5 Å of rat

PRLr at site 2

residues within 5.0 Å of

site 2 of rat PRLr with a

significant ΔΔG value for site 1

N-terminus P1a NSc

P2 NSc P2 Q12b

Y3a NSc Y3a

P8a NSc

G9a NSc

K10a NSc

C11 NSc

Q12b significant

I13 not significant

helix 1 D17 not significant D17

L18 not significant R21

R21 not significant

A22 NSc

L25 not significant

Y28 not significant

helix 3 Q122 significant Q122

R125 not significant R125 L126

L126 significant E128 L132

E128 not significant G129

G129 not significant L132

L132 significant

aNot present in wild-type hPRL. bAltered CD spectrum. cNot studied.
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accurately identify residues within either 5.0 or 3.5 Å of any
hPRLr atom in site 1 (Table 1). Examination of the structural
details revealed that two residues (N56 and R177) displayed
noncovalent interactions only with the hPRLr, two residues
(H180 andN198) displayed noncovalent interactions only within
hPRL, and four residues displayed noncovalent interactions
between hPRLr and within hPRL (D183, N184, K187, and
N197). Finally, one residue (E67) displayed a significant ΔΔG
(ΔΔG=-1.75 kcal/mol) andwas within 3.5 Å of hPRLr, but no
noncovalent interactions were identified with either hPRL or
hPRLr. E67 is located on the surface of the heteromolecular
structure and is 3.99 Å from a fixed water. Perhaps E67 partici-
pates in a long-range electrostatic interaction that is removed by
mutation to alanine. We have not evaluated electrostatic con-
tributions in our analysis.

Noncovalent bonding in the interface of site 1 shows signifi-
cant coupling between the hPRLr and surface residues of hPRL
as well as between the surface andmore interior residues of hPRL
(Table 2 and Figure 4, top and bottom panels). H180, D183,
N184, and K187 share noncovalent interactions with other
residues contained in helix 4; these occur primarily within three
or four residues (one turn) of this helix. These interactions
stabilize helix 4. Residues N197 and N198 in the C-terminal
disulfide loop interact with other loop residues, including R192,
H195, and N196 (Table 2 and Figure 4, bottom panel). The
disulfide loop is defined by C191 and C199 that are held in a

stable position because C191 is a C-terminal member of helix 4.
These structures fix the disulfide loop to the C-terminus of helix 4
and reduce the level of movement of this disulfide loop. This is in
contrast to the N-terminal disulfide loop in which the NMR-
derived structure of Teilum et al. (11) suggests greater freedom of
movement. Disruption of the C-terminal loop by alanine replace-
ments ofN197 andN198weakens site 1 binding by elimination of
noncovalent interactions within the C-terminal loop of hPRL
and with hPRLr. Disruption of the C-terminal disulfide loop in
PRLs reduces the biological activities of these mutants (49, 50).

Several interactions occur between residues within and be-
tween helices 1 and 4. D183 and K187 each form noncovalent
interactions with H27. A disulfide bond between C58 (loop 1)
and C174 (helix 4) also restricts the relative movements of
elements in the N-terminal portion of the protein and helix 4.
Despite the spatial articulation of these hPRL elements, no
interactions were observed between any residues of helix 1 and
hPRLr. Previous mutagenic studies (24) of residues in helix 1
indicated a disruption of global binding. When we restrict the
effects of mutations to binding site 1, a different picture emerges
in which several alanines in helix 1 display significantΔΔG values
(-2.18 kcal/mol for F19, -1.62 kcal/mol for V23, -1.39 kcal/
mol for S33, 1.41 kcal/mol for S34, and-2.68 kcal/mol for F37)
but are too distant from the hPRLr to form noncovalent inter-
actions. Seven to ten mutations identified by global binding (24)
described insignificant changes in ΔΔG for site 1. Three residues
(V23, S34, and F37) had both changes in global binding affinity
and significant changes in ΔΔG for site 1. These observations
indicate that identification of the functional epitopes for receptor
binding requires that both functional and structural information
be employed. Four of the five helix 1 residues (F19, S33, S34, and
F37) with significant ΔΔG values form noncovalent interactions
with helix 4 and within helix 1 mostly between residues in an
N ( 3 and N ( 4 relationship. These interactions will stabilize
helix 1 and create a stable structural relationship between the
two helices involved in site 1 binding. We were unable to
identify noncovalent bonds for V23, but it is located in a
hydrophobic pocket and may be necessary for an optimal
steric relationship.

The site 1 structural epitopes were largely either polar or ionic
with only one residue considered nonpolar (I55). Functional
epitopes (Figure 4) were either asparagines (N56, N184, and
N197) or charged (R177, D183, and K187). If site 1 functional
epitopes are completely identified, then the sum of free energy
changes caused by mutating these residues should approach the
free energy of the wild-type hormone binding hPRLr-ECD only
if there is no functional coupling present. These six residues
comprising the functional epitopes provided a

P
ΔΔG of-12.34

kcal/mol, an energy similar to the free energy of hormone-recep-
tor binding.Wehave evaluated theΔG values derived from short-
range noncovalent bonds. Thus, we anticipate that ionic inter-
actions between the nonhydrated interfaces would also provide
additional binding energy. Finally, alanine mutations do not
allow evaluation of short-term noncovalent bonds that utilize the
backbone atoms (51); residues with such bonds would not be
identified by alanine mutagenesis.

Mutation of D183 causes a 20-fold reduction in the strength of
hPRLr binding and has an important polar interaction with H188
of hPRLr (Figure 4, top panel). Recently, H188 of hPRLr has been
shown to be an important determinant for site 1 binding (52).
Similarly, N184, which has polar interactions with the side chain
and backbone of K17 andW139 of hPRLr, reduces the strength of

FIGURE 5: Summary of residues that when mutated to alanine had
significant ΔΔG values. hPRLr and the hPRL antagonist to which it
is bound (12) are colored gold and green-cyan, respectively. Red
sticks and green and pink spheres together represent 41 hPRL
residues found to significantly impact the binding affinity for hPRLr
ECD at site 1. Red sticks correspond to 14 residues within 5.0 Å of
hPRLr at site 1. These are I55, N56, P66, E67, Q73, R177, H180,
K181, D183, N184, K187, R192, N197, and N198. Residues colored
green are in site 2 and within 5.0 Å of the rat PRLr (3); they include
Q12, Q122, L126, and L132. Pink spheres represent 23 residues that
are not in site 1 or site 2 (>5.0 Å from hPRLr). These are F19, V23,
S33, S34, F37, S57, L63, E110, E118, I119, E120, E121, T123, K124,
L127, Y169, N170, D178, S179, L189, I193, I194, and N196.
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binding by 18-fold. Mutation of N184 has been shown to reduce
biological activity by up to 50% (24). K187 andN197 have interac-
tions with hPRLr through fixed water molecules (Figure 4, top
panel). R177 contributes to the free energy of site 1 binding, which
has been noted in mutagenic (19, 25) and structural (12) studies.
Mutation of R177 to alanine causes a 221-fold decrease in the
strength of hPRLr binding, the largest value observed for any of the
residues in site 1. Indeed, the R177 side chain atoms are involved in
a tight hydrogen bonding and ion pairing network with hPRLr
residues E43, T74, D96, and W72 and water. The long carbon
backbone of R177 has hydrophobic contacts with hPRLr W72
(Figure 4, top panel), but in our study, the R177Amutant displays
an altered CD spectrum, indicating a change in the hormone’s
structure and providing ambiguity in the interpretation.
Effects of Site 2 Mutations on Site 1 Binding. Six of the

102 residues that we studied may be within site 2 (<3.5 Å from
rat PRLr in PDB entry 3EW3). The identity of site 2 in hPRL is
problematic because one must use the heterologous structure of a
mutant hPRL bound to two extracellular domains of rat PRLr (3).
We identifiedD17 andR21 in helix 1, R125, E128,G129, and L132
in helix 3, and two residues in the N-terminus as possible site 2
structural epitopes (Figure S4 of the Supporting Information). The
N-terminal residues are not further considered because they
represent the N-terminal sequence of ovine placental lactogen
spliced to hPRL. Of these six residues, only L132 displayed a
significant ΔΔG for site 1 binding. Whether any or all of these six
residues would provide significant ΔΔG for site 2 binding remains
to be determined. Three additional residues, Q12, Q122, and L126,
are found between 3.5 and 5.0 Å from rat PRLr, and each of these
residues displays a significant ΔΔG when replaced with alanine.
These residues may be required to maintain a functional chemical
topology at site 2 as well as being functionally linked to site 1.
Analysis ofBindingatSite 1withMutationsExternal toSite

1 or 2. Overall, the presence of these covalent and noncovalent
interactions between structural elements provides a picture of
how hPRL-hPRLr binding could initiate and propagate a

conformational change from site 1 to site 2. Mapping the 41 resi-
dues with significant ΔΔG values onto the structure of Svensson
et al. (12) shows a contiguous motif extending from the interface
of site 1 to residues within 3.5 Å of site 2 (Figure 5). Twenty-three
of the residues external to sites 1 and 2 displayed significantΔΔG
values when mutated to alanine and tested for site 1 binding.
Functional reciprocity (53-55) within the thermodynamically
linked residues of this motif is required for a functionally linked
conformational change induced by hPRLr binding at site 1. We
and others have provided evidence of hPRL-induced conforma-
tional changes (3-5). Thus, alanine mutations that are distal to
site 1 and included in the motif required for conformation
changes may influence site 1 binding. The evidence necessary
to strengthen this argument will be to determine the effects of
these mutations on site 2 binding when site 1 is bound by hPRLr
and by double-mutation studies (55). We anticipate that muta-
tion of the residues in the motif identified in this work would also
influence site 2 binding and that the residues whose mutation
failed to influence site 1 binding would for the most part not
influence binding of hPRLr at site 2.
Potential for the Development of hPRL Receptor An-

tagonists. Mutant hPRLs with a stronger affinity for site 1 but
an impaired affinity for site 2 are candidate antagonists. The
G129R mutation allows hPRL to bind hPRLr at site 1 but not
site 2 for steric reasons (56). We have found that S34A hPRL
binds hPRLr at site 1 1 order of magnitude more strongly than
wild-type hPRL. Three additional mutations of hPRL, including
G7A, K115A, and Y168A, also increase the strength of site 1
binding between 4.7- and 6-fold, although these mutations did
not change the ΔG significantly. Exploration of combinations of
these structural changes may provide superior hPRLr antago-
nists. The hPRLmutant S179D has been shown to be an effective
growth antagonist (57), and S179A in our study produced the
maximal decrease in site 1 affinity when mutated to alanine
(Figure 2). The loss of site 1 affinity in our study supports the
observation ofWalker and colleagues, who observed a significant

Table 4: Comparison of the Site 1 Residues of hGH, hPL, and hPRL That Contribute to hPRLr Binding

hPRLa hGHa,b hPLa,b

protein or

mutant Kd (nM)

ΔΔG
(kcal/mol)

n-fold change

in Kd

protein or

mutant Kd (nM)

n-fold

change in Kd

protein

or mutant Kd (nM)

n-fold change

in Kd

wild type 7.47 0.0 1.0 wild type 0.033 1.0 wild type 0.6 1.0

H27A 35.6 NSc 4.7 H18Ad 4.50 136 H18Ad not dete -
H30A 3.10 NSc 0.4 H21Ad 0.30 9.1 H21Ad 17 28

S34A 0.71 1.41 0.1 F25A 0.23 7.0 I25A 9.2 15

N56A 249 -2.05 33.3 S51A - - S51A 5.9 10

L63A 77.6 -1.36 10.4 I58A 0.61 18.5 I58A 20 33

K69A - - - R64A - - M64A 8.0 13

E70A - - - E65A - - E65A 8.5 14

E67A 151 -1.76 20.2 S62A 0.36 10.9 S62A 18 30

D68A 32.4 NSc 4.4 N63A 0.14 4.2 N63A 33 55

H173A 13.8 NSc 1.8 Y164A - - Y164A 17 28

R176A - - - R167A 25.0 758 R167A 90 150

R177A 1650 -3.16 221 K168A 0.61 18.5 K168A 67 112

H180A 227 -2.00 50.8 D171A 0.037 1.1 D171A 15 25

K181A 153 -1.76 20.5 K172A 7.20 218 K172A not dete -
D183A 149 -1.74 19.9 E174Ad 12.0 364 E174Ad not dete -
N184A 135 -1.69 18.1 T175A 0.076 2.3 T175A 29 48

Y185A - - - F176A 0.83 25.2 F176A 100 167

K187A 469 -2.42 62.8 R178A 0.23 7.0 R178A 38 63

aMeasurements of hPRL-hPRLr and hPL-hPRLr affinities were performed by kinetic SPR studies, while hGH-hPRLr affinities were determined by
equilibrium competition studies. bData for hGH were from ref 59; data for hPL were from ref 16. cNot significant. dH18, H21, and E174 constitute a Zn2þ

binding site required for a high-affinity interaction of hGH or hPL with hPRLr. eNot detectable binding.
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reduction in the ED50 required to stimulate the growth of Nb2
cells by S179A hPRL (58). S179 is located in helix 4 but is not
located within 5.0 Å of hPRL. Thus, S179 may be a critical
residue in amotif coupling sites 1 and 2 andmay influence hPRLr
binding at site 2.
Comparison of Site 1 Functional Epitopes of hGH, hPL,

and hPRL Binding hPRLr. Structural and mutagenic infor-
mation for hGH, hPL, and now hPRL binding to hPRLr is
available. Cunningham andWells (59) mutated 44 hGH residues
to alanine and determined their abilities to compete with
[125I]hGH for hPRL receptor binding. This approach identified
12 residues whose mutation to alanine significantly reduced the
affinity for the hPRL receptor (Table 4) and were noted to all be
located in hGH’s binding interface for the hPRL receptor (15).
Alaninemutants of hPL and their abilities to bind site 1 of hPRLr
by SPR methods also have been recently reported (16). The
methods used to identify functional epitopes in hGH were
significantly different from those used in hPRL or hPL. The
relative changes in binding strength for specific residues were not
correlated. hGH, hPL, and hPRL sequences were compared by
using the alignment proposed by Nicoll et al. (60). Our data and
those of either Cunningham and Wells (59) or Walsh and
Kossiakoff (16) reveal that sequences in loop 1 and helix 4
contain residues that bind the hPRL receptor. Comparison of the
sequences within helix 4 that correspond to functional epitopes in
hPRL, hPL, and hGH does not reveal deletions or additions; this
suggests a similar spatial presentation of the functional residues
within these helices. Comparison of the residues identified in
hGH, hPL, and hPRL reveals a substantial, but not complete,
overlap of the sets of functional epitopes (Table 4). These are
consistent with the argument that binding interfaces are plas-
tic (61) and somewhat dissimilar collections of interface residues
can be bound effectively by hPRLr.

Finally, each of these lactogenic hormones binds Zn2þ. Zn2þ

increases the site 1 affinity of hGH and hPL for hPRLr, but Zn2þ

reduces the strength of binding of hPRL to hPRLr (5). When
H18, H21, and E174, residues involved in Zn2þ binding of hGH,
are mutated to alanine, the binding of hPRLr to site 1 was
significantly weakened. In hPRL, residues H27, H30, and D183
are involved in Zn2þ binding.Mutation of H27 orH30 to alanine
does not influence hPRLr binding at site 1 in the absence of Zn2þ.
Mutation of D183 to alanine weakened theKd of hPRLr binding
by 19.9-fold in the absence of Zn2þ.
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