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The cDNA  of the extracellular  domain of the rabbit 
prolactin  receptor (rbPRLR-ECD)  was  cloned in the pro- 
karyotic  expression  vector pTrc99A to  enable its expres- 
sion in Escherichia coli after induction  with  isopropyl- 
1-thio-@-D-galactopyranoside. The bacterially  expressed 
rbPRLRECD  protein,  contained  within the refractile 
body  pellet,  was  solubilized  in 4.5 M urea, refolded,  and 
purified on a  Q-Sepharose  column  by  stepwise elution 
with NaCI. The  bioactive  monomeric  fraction  was  eluted 
in 0.05 M NaCl, yielding 15-20  mgi8 liters of induced  cul- 
ture. The purified  protein was >98% homogeneous, as 
shown  by  SDS-polyacrylamide  gel electrophoresis  in the 
presence or absence of reducing  agent and by chroma- 
tography on a  Superdex  column. Its molecular mass was 
25  kDa as determined by  SDS-polyacrylamide  gel  elec- 
trophoresis  in the absence of reducing  agent and 22 kDa 
as determined by  gel filtration.  Binding  experiments re- 
vealed  remarkable Merences between rabbit and por- 
cine prolactins (PRLs) and the other tested lactogenic 
hormones. Gel filtration was  used  to determine the stoi- 
chiometry of the rbPRLRECD interaction with  ovine, 
rabbit, and porcine PRLs,  with  human  growth  hormone 
and ita truncated des-?  analogue,  and  with  bovine  pla- 
cental  lactogen  (bPL)  and  des-18-bPL.  The  formation of 
only 1:l complexes  was indicated,  except  with bPL, for 
which  a 21 complex  was detected.  Identical  stoichiom- 
etry was also  obtained  using  excess  radiolabeled rb- 
PRLR-ECD in gel filtration experiments. Interaction of 
1251-labeled  ovine  PRL  with  rbPRLR-ECD secreted into 
conditioned  medium  by  rbPRLR-ECD  cDNA-transfected 
COS 7 cells also indicated  formation of 1:l molar  com- 
plexes.  Despite the differences in binding  potency and 
stoichiometries of the interaction with  rbPRLR-ECD, all 
seven  tested  hormones  were  biologically  active in induc- 
ing PRL receptor-mediated  casein  synthesis  in  explants 
of rabbit mammary gland. We therefore  propose that the 
formation of the 1:Z complexes with  soluble  rbPRLR- 
ECD is  not  predictive of biological  activity of the differ- 
ent lactogenic  hormones. 
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Several studies  using  anti-prolactin receptor (PRLR)I anti- 
bodies and  their Fab  fragments  have indirectly documented 
receptor dimerization as an initial  step  in PRL signal trans- 
duction subsequent to hormone binding (1-4). More recently, 
hGH-induced dimerization of the recombinant nonglycosylated 
human growth hormone receptor extracellular domain (hGHR- 
ECD) containing amino acids 1-238 has been documented in 
gel filtration and other  studies (5). Crystallographic analysis of 
hGH and its complex with hGHR-ECD  confirmed this finding, 
and two nonsymmetrical binding sites in hGH were identified 
(6). A similar  2:l stoichiometry of the hGHR-ECD/hGH inter- 
action was also observed in our laboratory using full-length 
(amino acids 1-246) h G ~ - ~ C D  (7). A recently published re- 
port has suggested that antibody-induced receptor dimeriza- 
tion initiates the mitogenic signal in a leukemia cell line ex- 
pressing a hybrid receptor composed  of hGHR-ECD linked to 
the transmembrane and intracellular domains of the  murine 
granulocyte colony-stimulating factor receptor (8). "he  Fab 
fragments were, however,  devoid of mitogenic activity (8). 

Since the granulocyte colony-stimulating factor receptor also 
belongs to  the family of CytokindGHPRL receptors (91, ligand- 
induced receptor dimerization was suggested to be common to 
this  entire family (8). Another recent  report showing that  the 
hGH-induced mitogenic response of an Nbz rat lymphoma  cell 
line that possesses PRLRs exhibits a bell-shaped curve and 
that, at very high hormone concentrations, the mitogenic re- 
sponse is attenuated was  interpreted as indirect evidence that 
the lactogenic receptor is also dimerized by a single hormone 
molecule (10). 

Since the ability of hormone-induced dimerization of hGHR- 
ECD was suggested as direct evidence for dimerization of the 
full-size receptor and subsequent initiation of signal transduc- 
tion (5-8, lo), we elected to study  whether hormone-induced 
receptor dimerization also occurs in  the PRLR-ECDPRL inter- 
action. We have recently produced and expressed rbPRLR-ECD 
using an insectbaculovirus expression system (11). The ex- 
pressed protein was purified by affinity chromatography on 
immobilized  PRL, followed  by gel filtration. "he purified pro- 
tein was >90% homogeneous as indicated by  SDS-PAGE in the 
presence or absence of reducing agent and by gel filtration on a 
Superdex column under  nondenaturing conditions (12). The 

tin; hGH, human growth hormone;  hGHR-ECD,  human growth  hor- 
The  abbreviations  used are: PRLR,  prolactin receptq PRL,  prolac- 

rnone receptor  extracellular domain; rbPRLR-ECD,  rabbit prolactin re- 
ceptor  extracellular domain; bPL,  bovine  placental  lactogen;  rbPRL, 
rabbit  prolactin; oPRL, ovine  prolactin:  PAGE,  polyacSylamide gel elec- 

lactop~oside; HPLC, high pressure  liquid c ~ m a ~ ~ p h y ;  RT, re- 
trophoresis; mAb, monoclonal antibody; IFTG, isopropyl-1-thio-P-D-ga- 

tention  time. 
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Extracellular Domain of Prolactin Receptor 3319 
stoichiometry of its interaction with oPRL or hGH studied by 
gel filtration indicated formation of only 1:l complexes, even at  
high rbPRLR-ECD:hormone molar ratios,  in  contrast to hGHR- 
ECD,  which  formed 2:l complexes with hGH under identical 
experimental conditions (12). Since rbPRLR-ECD expressed in 
insect cells is truncated at  its COOH terminus by 12 amino 
acids and is heavily glycosylated (11,121, we wondered to what 
extent  these differences account for its inability to form 2:l 
complexes (12). To answer this question, another variant of 
rbPRLR-ECD expressed in Escherichia coli was prepared. This 
variant, composed  of amino acids 4-210, contains the full 
COOH-terminal sequence and is nonglycosylated. Its prepara- 
tion, purification, and characterization are  the subject of this 
paper. 

EXPERIMENTAL  PROCEDURES 
Materials-Recombinant bovine placental lactogen (bPL) and its 

truncated des-13 analogue were prepared as described  previously (13). 
Recombinant  hGH was obtained from  Biotechnology General Inc., and 
its truncated analogue, des-7-hGH, was prepared as described  previ- 
ously  (14).  Ovine  PRL  (NIDKK  AFP-8277E) and porcine  PRL  (USDA 
pPRL-B-1) were  from the National Hormone and  Pituitary Program 
(Bethesda, MD), and rabbit PRL  (AFP-7730B) was from Dr. A.  F. Parlow 
(Harbor-UCLA  Medical Center). Monoclonal antibodies (mAbs) MllO 
andA917 were prepared as described  previously (2). Carrier-free N a V  
was purchased from DuPont NEN.  Molecular  weight markers for  gel 
electrophoresis, RPMI  1640 medium, Dulbecco's  moditied  Eagle'elHam's 
F-12 medium, lysozyme, and bovine serum albumin (radioimmunoas- 
say-grade) were obtained from  Sigma. SDS-PAGE reagents and  the 
protein assay kit were purchased from  Bio-Rad. The SuperdexTM 75 HR 
10 column and Q-Sepharose (fast flow)  were purchased from Pharmacia 
LKB  Biotechnology AB (Uppsala). All other chemicals  were of analytical 
grade. 

Construction of rbPRL.R-ECD  Expression Vector-The  cDNA  of rb- 
PRLR-ECD was obtained by polymerase chain reaction using 100  pg of 
the cloned  rbPRLR cDNA (15) as template in a 25-cycle amplification. 
The cycling program was one cycle of 10 min at 94  "C,  0.5 min at  45  "C, 
and 1 min at  72  "C,  followed  by  24  cycles  of 1 min at  94  "C,  0.5 min at 
45  "C, and 1 min at 72  "C and by one cycle  of 1 min at  94  "C,  0.5 min at 
45 "C, and 10 min at 72 "C. The 5'-GGGGCCATGGGAAAACCT- 
Tl'CATCTTCAAA and the 3'-GGGGTCTAGATCAATC"lTCATGGTA- 
AAGT primers contained an NcoI site  and a XbaI site, respectively. The 
3"primer also encodes an in-frame stop codon  (TCA), just before the 
&I site. The fragment amplified  between these primers encodes a 
polypeptide beginning at  Glym, i.e. the fifth amino acid downstream 
from the putative signal peptide cleavage site, and extending to Aspm, 
the  last amino acid  before the  transmembrane domain. The polymerase 
chain reaction product was inserted between the NcoI and XbaI sites of 
prokaryotic expression vector pTrc99A (16). This construct was trans- 
fected into E. coli strain W3110, and isolated colonies expressed the 
unfused protein after induction by isopropyl-1-thio-6-wgalactopyrano- 
side (IF'TG). The bacterial clone expressing the highest level of rbPRLR- 
ECD was selected (clone W5) and used in  all the expression experiments 
described in this paper. The W5 insert was sequenced and revealed no 
errors introduced by Tag polymerase. 

Expression,  Refolding, and Purification of rbPRL.R-ECD"The trans- 
fected W5 E. coli cells (250 ml) were  grown in LB medium (17) at 37  "C 
in 2-liter flasks to anAm of  0.9. IPTG was then added to 1 m; the cells 
were  grown  for an additional 4 h, pelleted for 10 min at 16,000 x g, and 
stored at  -20 "C. IF'TG did not interfere with cell growth, and  the final 
yield was 6-7 g of wet precipitatdl liter of culture. Frozen precipitate 
(50 g) was thawed and resuspended in cold  10 m EDTA, 10 m Tris- 
HCl,  pH  8.0, in the presence of 0.5  mg/ml  lysozyme.  Following a 30-min 
incubation at  4 "C with occasional  mixing, the cells  were sonicated and 
pelleted for  30 min at 25,000 x g. The pellet containing the rbPRLR- 
ECD protein was sonicated in distilled water, pelleted twice, and solu- 
bilized in 1.5 liter of 4.5 M urea buffered with 40 m Tris base. The pH 
was increased to 11.3 with NaOH, cysteine was added to 0.1 m, and the 
clear supernatant was stirred at 4 "C. In cases where not all the mate- 
rial was solubilized, the suspension was centrifuged (10 min at 16,000 
X g )  prior to stirring. SDS-PAGE (data not shown) revealed that under 
these conditions, all rbPRLR-ECD was solubilized. After 1 h of stirring, 
the solution was diluted with 2 volumes of  ice-cold water and dialyzed 
for 36 h against 4 x 20 litera of 10 m~ Tris-HC1,  pH  8.6. The solution was 
then loaded at 200  ml/h  onto a Q-Sepharose column  (2.6 x 7 cm) pre- 

equilibrated with 10 m Tris-HC1,  pH  8.6, at 4 "C. Elution was carried 
out using a discontinuous NaCl gradient in  the same buffer at a rate of 
100 mVh, and 5-ml fractions were  collected. Protein concentration was 
determined by absorbance at 280 nm, and monomer content was deter- 
mined by gel filtration chromatography on a Superdex 75  column. 

SDS-Polyacrylamide Gel Electrophoresis-SDS-PAGE was carried 
out according to Laemmli (18) using 12 or 15%  gels.  Gels  were stained 
with Coomassie  Blue  R-250. 

Binding hsuys-The binding assays were carried out in 25 m Tris- 
HCl,  pH 8.0, supplemented with 10 m MgClZ and 0.1% (w/v)  bovine 
serum albumin (TMBA buffer) as described  previously using goat anti- 
rbPRLR  polyclonal antibody 46 for immunoprecipitation of the ECD- 
hormone  complex (11). 1261-oPRL was added at  0.05  pmolltube.  Iodin- 
ation of  oPRL and rbPRLR-ECD was performed as described  previously 
(19). 

Determination of  Monomer Content and Complex  Formution-High 
pressure liquid  gel filtration chromatography was performed on 200-pl 
aliquots of Q-Sepharose column-eluted fractions, freeze-dried samples 
dissolved in HzO (0.44.5 mg/ml),  or  complexes  between  purified rb- 
PRLR-ECD and various hormones in a Merck Hitachi HPLC apparatus 
equipped with a D-2000 integrator  and an G6200 controller. A Super- 
dex  75 HR 10/30  column pre-equilibrated with 25 m Tris-HC1,  pH  8.0, 
containing 150 m NaCl and 10 m MgC12 (TNM buffer) was developed 
with the same buffer at a rate of 1.0 d m i n  at room temperature. 
Protein content was monitored by absorbance at 280  or  214  nm and 
quantified using the D-2000 integrator. Absorbance at 214  nm was 
preferred for monitoring complex formation to minimize the difference 
in molar absorbance at 280 nm between the tested hormones and pu- 
rified rbPRLR-ECD resulting from different Trp contents. The molar 
extinction coefficient of rbPRLR-ECD at  280 nm was calculated using 
the molar extinction coefficients of tyrosine (1197) and tryptophan 
(5559), yielding a value of 63,200. The interaction between '=I-rb- 
PRLR-ECD and various hormones was determined in TMBAbuffer. The 
concentration of each of the hormones was 0.05  pmollml, and the con- 
centration of lZSI-rbPRLR-ECD was 0.0-0.3  pmollml.  After a 16-h incu- 
bation at room temperature, 200-pl aliquots were applied to the Super- 
dex  column,  which had been pre-equilibrated with the incubation buffer 
and connected to the HPLC apparatus. The column was eluted at 1.0 
d m i n   a t  room temperature,  and 0.5-ml fractions were  collected and 
monitored  for radioactivity in a Kontron  y-counter. 

Determination ofAmino-terminal Seqwnce-Automated Edman deg- 
radation was used to determine the amino-terminal protein sequence. 
Degradations were  performed on an Applied  Biosystems  Model 470A 
gas-phase sequenator (Foster City,  CA) using the standard sequencing 
cycle (20). The respective phenylthiohydantoin-derivatives were identi- 
fied by reversed-phase HPLC analyses using an Applied  Biosystems 
Model  120A phenylthiohydantoin analyzer fitted with a Brownlee 
2.1-mm inner diameter phenylthiohydantoin Cla  column. 

Casein Synthesis in Rabbit Mammary Gland Explants-Explant cul- 
tures of mammary tissue from 12-14-day pseudopregnant rabbits and 
measurements of casein content were  performed as previously  de- 
scribed (21). 

Preparation of Conditioned  Medium  f?om  COS 7 Cells-COS 7 cells 
were transiently transfected with the plasmid pE  encoding  for  rbPRLR- 
ECD inserted in the PECE expression vector as described  previously.2 
The cells  were then cultured in serum-free medium  for 3 days, aRer 
which the medium was concentrated by removing proteins with M, 
values <10,000 and used for binding studies. 

Statistical Analysis-One-way analyses of variance were  performed. 
When the F values were significant (p  < 0.05), means of the various 
treatments were compared using Duncan's multiple range test. All 
parametric data  are expressed as mean * S.E. 

RESULTS 
Expression of rbPRLR-ECD in E. coli-The production of 

rbPRLR-ECD  from plasmid pTrc99A after induction of E. coli 
W3110 culture by IPTG is shown in Fig. 1. rbPRLR-ECD  accu- 
mulated for up to 4-8 h post-induction, at  which stage the 
recombinant protein constituted -70% of the total insoluble 
cellular protein as determined by densitometric scanning of the 
Coomassie Blue-stained gel. The recombinant rbPRLR-ECD 
protein, detected by SDS-PAGE, was found  only in  the non- 
soluble refractile bodies (Fig. 1, lunes 3-5) and not in  the cell 

Lesueur, L.,  Edery,  M.,  Paly, J., Kelly, P.  A., and Qiane, J. (1994) J. 
Mol. Endocrid., in press. 
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3320 Extracellular  Domain of Prolactin Receptor 
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FIG. 1. Electrophoretic analysis of insoluble fraction prepared 

from E. coli before (lane 1) and 2,4, and 8 h after (Zanes 2 4 ,  
respectively) induction with IPTG on 15% SDSpolyacrylamide 
gel in presence of  &mercaptoethanol. Lane 6, molecular  weight 
markers.  The  gel was stained with  Coomassie Brilliant Blue R-250. 

extract supernatant  (data not shown). However, binding assays 
revealed small amounts of active rbPRLR-ECD in the super- 
natant as well. 

Purification and Characterization of E. coli-expressed rb- 
PRLR-ECLLrbPRLR-ECD within the refractile body pellet 
was solubilized in 4.5 M urea, refolded  for 1 h at pH  11.3 in the 
presence of catalytic amounts of cysteine, and purified on a 
Q-Sepharose column by stepwise NaCl elution (Fig. 2). In pre- 
liminary experiments (data not shown), longer refolding peri- 
ods  (5-24 h) gradually diminished the amount of the mono- 
meric ECD, yielding oligomers  formed through disulfide bonds 
instead. The main fraction, which eluted at  0.05 M NaCl and 
contained monomeric  rbPRLR-ECD  (Fig.  2, tubes 60-801, was 
pooled,  dialyzed against 0.05% NaHC03, and freeze-dried. The 
yield  from -8 liters of E. coli culture vaned between 15 and 20 
mg of pure monomeric protein. SDS-PAGE under both reducing 
and nonreducing conditions (Fig. 3, lanes 2 and 5, respectively) 
yielded a single band with a molecular mass of 25 kDa. The 
molecular mass of purified rbPRLR-ECD determined under 
nondenaturing conditions by gel filtration on a Superdex col- 
umn was 22 kDa (see Fig.  5). 

Amino-terminal sequence analysis of 5 amino acids resulted 
in  the expected sequence (151, namely Gly-Lys-Pro-Phe-Ile, 
with respective yields of 30,11,19,9, and 10 pmollcycle. A trace 
of Met (1.2  pmol) was found in  the first cycle, indicating that 
>97% of rbPRLR-ECD had been processed in  the E. coli  cells 
following its translation. 

Fractions eluted from the Q-Sepharose column at 0.2 and 0.4 
M NaCl consisted of >75% of the total protein loaded onto the 
column and were composed  of mainly dimers and oligomers, 
respectively.  They were composed  of rbPRLR-ECD as docu- 
mented by  SDS-PAGE: both fractions yielded almost pure 
monomers under both reducing and nonreducing conditions 
(Fig.  3, lanes 3 and 4 and lanes 6 and 7, respectively). After 
dialysis and freeze-drying, both fractions produced  yellowish 
powder, in contrast to the 0.05 M eluate, which was white. Thus, 
oligomerization seems to originate probably  from interaction 
with an unknown E. coli-derived pigment. 

Binding Experiments-Displacement curves for binding of 
1251-oPRL to purified rbPRLR-ECD are presented in Fig. 4A. 
The abilities of  oPRL, hGH,  des-7-hGH, and bPL to compete 

3.0 r 0.05M 0.1M 0.2M 0.4M - 

0 20 40  60 80 100 120  140 160 180 

TUBE NO. 

FIG. 2. Purification of proteins extracted trom refractile bod- 
ies on Q-Sepharose column. The  column (2.5 x 7 c m )  was  equili- 
brated  with 10 rn "is-HCI, pH 8.6, at 4 "C. The  fraction  containing 
refractile body proteins  solubilized in 4.5 M urea in 40 m~ Tris-HC1 at 
pH 11.3 (4500 ml) was  applied to the column at a  rate of 200 ml/h. The 
column  was then washed with 80 ml of 10 m~ Tris-HC1,  pH 8.6. The 
eluate was not  collected.  Elution  was  carried  out using a  discontinuous 
NaCl gradient in the same  buffer at 100 mVh, and 5-ml fractions  were 
collected.  The  protein  concentration was determined by  absorbance at 
280 nm. The  purification procedure was performed four times, yielding 
almost identical results. 

I -  -- - 
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FIc.3. Electrophoretic dy& of f h ~ t i ~ ~  eluted from 
Q-Sepharose column on 1!% SDS-polyacrylamide gel with 
(lanes 2-4) or without (lanes 67) &mercaptoethanol. Lane 1, 
protein  molecular  weight  markers; lanes 2 and 5, 0.05 M NaCl eluate, 
lanes 4 and 6,0.2 M NaCl eluate; lanes 3 and 7,0.4 M NaCl eluate. The 
gel was stained with  Coomassie Brilliant Blue R-250. 

with the radioligand were almost identical, yielding ICSo values 
of  0.12-0.14 n ~ ,  whereas the ICso  for  des-13-bPL  was slightly 
higher. Scatchard analysis based on the  data presented in Fig. 
4A with the homologous  hormone  (oPRL)  yielded a linear plot 
(data not shown). The derived K, value (25 2 6 11"~; mean i 
S.E., n = 2) was close to that for purified rbPRLR-ECD  pre- 
pared in  the insecthaculovirus expression system (11, 12). 
However, rabbit  and porcine  PRLs exhibited remarkably de- 
creased abilities to compete with the ligand, with ICso values 
1000-fold higher than  that for oPRL. Binding of  1251-oPRL to 
rbPRLR-ECD was efficiently inhibited by  mAb  M110, but not 
by  mAb  A917 (Fig. 4B). 

Interaction with  Lactogenic Hormones-The stoichiometry of 
the interaction between purified rbPRLR-ECD and oPRL  was 
studied by gel filtration using noniodinated hormones  (Fig. 5). 
The rbPRLR-ECDaoPRL  complex (Fig. 5 A ) ,  which was eluted at  
a retention time (RT) of  11.41-11.44 min, was clearly separated 
from the other components. Its molecular mass was calculated 
using bovine serum albumin (67 kDa; RT = 10.52 mid, oval- 
bumin (43 kDa; RT = 11.41 min), oPRL (23 kDa; RT = 12.62 
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Extracellular Domain of Prolactin Receptor 

0 
0 0.01 0.1 1 10 100 

~ORMONE OR Ab ~ ~ N ~ E N T R A T ~ O N  (nM) 

FIG. 4. A, competition of unlabded oPRL (01,  hGH (A), bPL (VI, des= 
13-bPL (El), des-7-hGE (0 >, r b P m  o.), and poxvine PlU f + ) with the 

(O), mAb MllO (A), and mAb A917 (VI) with the binding of "I-oPRL to 
binding of "%oPRL to ~ P ~ - E C D  B, competition of unlabeled oPRL 

rbPELR-ECD, The  total binding was 30% in A and 28.5483 in B. The 
nonspecific binding was 9% in both eases. Full lines were dculated 
wing the Sigma plot curve-fitting program, and  the symbols represent 
actual results. Shown are representative results of three (A) or two (B) 
experiments. 

min], and hGH (22 ma; RT z 12.77 min) as markers. At a 1:1 
ratio of rbPRLR-ECD to oPRL, >90% of the appIied protein 
appeared as a complex with a molecular mass of -44 kDa, 
consistent  with the predicted value. Raising the ~ P R L R - E ~ D  
oPRL ratio to 2:l or 3:l did  not change the molecular mass of 
the complex, but the size of the 22-kDa peak (RT = 12.79-12.81 
min), consisting of excess rbPRLR-ECD, gradually increased. 
Similar elution profiles and stoichiometries of ~terac t ion  were 
also observed with hGH (Fig. 5B), des-13-bPL (Fig. 5B1, rbPRL 
(F'ig. 6), and des-7-hGH and porcine PRL (data not shown). The 
stoichiomet~ of interaction of rbPRLR-ECD with bPL was, 
however, quite different (Fig. 5C). At a molar ratio of 12, the 
main peak appeared at RT = 10.86 min, and a small peak at RT 
= 12.55 min was also seen. At a molar ratio of  2:1, only one peak 
(RT = 10.81 min)  was found. Excess rbPRLR-ECD was only 
seen at a molar ratio of 3:l. The RT of 10.81 corresponds to a 
molecular mass of 56 kDa. 

In view  of the possible effect of Zn2+ on the binding of certain 
hormones to PRLR  (23), the  in~raction between oPRL and 
rbPRLR-~CD  was also studied in TNM buffer supplemented 
with 200 p~ ZnCle  The addition of ZnCl2 changed neither the 
RT nor the  stoichiomet~ of the ECD-hormone  complex (data 
not shown). However,  prolonged incubation in the presence of 
200 p~ ZnC1, resulted in dimerization of r b P ~ - E C D  in  the 
absence of hormone. The stoichiometry of  complex f o ~ a t i o n  
between oPRL and rbPRLR-ECD was also not influenced by the 
removal of MgC12, as documented by gel filtration in sodium 
phosphate buffer (data not shown). 

Tb validate the differences between bPL and  the other hor- 
mones, purified rbPRLR-ECD was iodinated, and complex for- 

A 

C 

r 

l:Q 0.5:1 1:1 

n 

2:t 

.. 

3:l 

FIG. 5. Gel filtratiop of ~ P ~ E C ~ P ~  (A>, rbPRtR- 
ECD.hGH (B), ~ F ~ E C ~ b P L  W ) ,  and ~ P ~ ~ C ~ e s - 1 3 -  
bPL (1)) carnplexm on Superdex 76 HR lolso coluaur, Complex 

temperature in TNM buffer using the various rbPRLR-ECDhormo~e 
f o ~ a t i o n  was carried out during 30-60 min of i n ~ a t i o n  at room 

ratios. Aliquots (200 pl) of the incubation mixture were applied to the 
c o l u m n  p r e ~ ~ ~ b r a t e d  with the same buffer.  Complex formation was 
monitored by absorbance at 214 m. The column was developed at 1 
d m i n .  Each e ~ e ~ e n t  was conducted at least three times. For fur- 
ther details, see text. 

mation between lZ5I-~PRLR-ECD  and various hormones was 
mon~tored by g e l  filtration on a Superdex column  foliowing 
o v e ~ i g ~ t  pre~cubationin ~ A b ~ e r .  The l~I-rbPRLR-ECD 
hormone ratios were chosen to ensure at least 4-6 molar excess 
of the latter. As shown in Fig. 7, the peaks of the complexes 
between the ligand and oPRL,  hGH, and des-13-bPL appeared 
in  tube 23, ~ r r e s ~ n ~ n g  to a molecular mass of 45 kDa, 
whereas the peak of the 1z61-~PRLR-ECD.bPL complex was 
s h i k d  to tube 22, corresponding to a molecular mass of 57 
kDa. Integration of the total counts eluted in tubes 21-24 re- 
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le. 

FIG. 6. Gel filtration of rbPRLR 
ECD-rbPRL complexes on Superdex 
75 HR 1W30 column. The  rbPRLR-ECD: 
rbPRL ratios were  (from left to right) 0 1 ,  
0.5:1,1:1, and 2:l. The retention times for 
bovine albumin (67 kDa) and ovalbumin 
(43 kDa) in this experiment were 10.61 

ment was repeated twice. For further de- 
and 11.49 min, respectively. The experi- 

tails,  see the legend to Fig. 5. 
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PRLR-ECD-hGH (A), l"I-rbPRLRECD;bPL (V), and l=I-rb- 
FIG. 7. Gel filtration of l~II-rbPRLR-ECDOPRL (0). lP6I-rb- 

PRLR-ECD-des-13-bPL (0) complexes or '=I-rbPRLRECD (0) 
on Superdex 75 HR 10/30 column. Complex  formation was carried 
out during 16 h of incubation in TMBA buffer at mom temperature with 
excess of rbPRLR-ECD.  Aliquots (200 pl) of the incubation mixture were 
applied to the column pre-equilibrated with TNM buffer. The column 
was developed at 1 d m i n  and 0.5-ml fractions  were collected and 
monitored for radioactivity. The experiment was repeated two times, 
yielding almost identical results. For further details, see t e x t .  BSA, 
bovine serum albumin, OVA, ovalbumin, TI, trypsin inhibitor. 

vealed that  the  net value (calculated as  the difference between 
a sample of the complex and a sample containing the labeled 
ligand only) of the 1251-rbPRLR-ECD.bPL  complex was 60-70% 
higher (22,500 cpm) than  that obtained with oPRL (14,000 
cpm)  hGH (13,500 cpm), or des-7-hGH (13,200 cpm). 

Biological Activity  of Lactogenic Hormones-"he  biological 
activity of the tested hormones mediated through membrane- 
embedded  rbPRLR was determined by measuring a-casein syn- 
thesis  in mammary gland explants from pseudopregnant rab- 
bits. All hormones significantly stimulated a-casein synthesis 
above  control levels ( p  > 0.05) (Fig. 8). Ovine PRL was more 
potent than  the other hormones.  Des-7-hGH,  des-13-bPL, and 
rbPRL  were slightly less active, but  the differences at each 

hormone  level  were not statistically significant ( p  > 0.05). 
Interaction of 1261-oPRL with  rbPRLR-ECD Secreted into 

Conditioned Medium by Dansfected COS 7 Cells"T0 establish 
the molecular mass of the glycosylated  rbPRLR-ECD-oPRL 
complex obtained from the conditioned  medium of  COS 7 cell 
cultures, fixed amounts of  1251-oPRL and increasing amounts of 
conditioned  medium in TMBA buffer  were incubated overnight 
at mom temperature. The extent of specific binding and  the 
molecular mass of the complex  were then monitored by gel 
filtration on a Superdex column (Fig. 9). Specific binding was 
calculated by dividing the s u m  of the countdminute  in tubes 
21-24 by the total  amount of counts in  tubes 21-28. Maximal 
specific binding (79%) was obtained at 80-120 pl of conditioned 
medium, and half-maximal specific binding at 12 pl of condi- 
tioned medium (Fig. 9, inset ). The elution profile was, however, 
similar over all concentration ranges, and  the molecular mass 
of the complex  corresponded to 60-64 kDa.  Glycosylated rb- 
PRLR-ECD has a molecular mass of 38 kDa as determined by 
SDS-PAGE  followed  by Western blotting: indicating 1:l com- 
plex formation. 

DISCUSSION 
Rabbit, rat,  and bovine  PRLR-ECDs  possess 5 cysteine resi- 

dues that form  two S-S bridges (positions 12-22 and 51-62), 
leaving 1 cysteine (position 184) free (15,24,25). An unpaired 
number of cysteine residues is well-known to have an adverse 
effect  on proper refolding, leading to formation of oligomers 
(26). -To overcome this difficulty, we have utilized a short-time 
exposure to urea at high pH,  which resulted in an optimal 
refolding of rbPRLR-ECD. It should be noted that  in most of the 
procedures used to refold insoluble recombinant proteins, lon- 
ger periods of refolding, up to several days, are recommended 
(27). 

C. Bignon, E. Sakal, L. Belair, N. Chapnik-Cohen, J. Djiane, and A. 
Gertler, unpublished data. 
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NONE ?50 

HORMONE ADDED (nq/ml) 

FIG. 8. Synthesis of &casein in explants of miammaqf gland 
obtained from pseudopregnant rabbits. Results are mean r S.E. of 
two or three experiments, each carried out in duplicate. 

The identity of purified rbPRLR-ECD was further verified by 
amino-terminal sequence analysis. The apparent molecular 
mass of the purified monomeric fraction as determined by SDS- 
PAGE was 25 kDa, whereas the value obtained by gel filtration 
was 22  kDa. Both values are close to the theoretical value of 
23,972 Da, and  the lower value obtained by gel filtration may 
result from the unique nonglobular shape of rbPRLR-ECD, 
assuming its  structural similarity to hGHR-ECD (6). 

The affinity constant of purified rbPRLR-ECD  for  oPRL was 
an order of magnitude higher than those of truncated  or full- 
size membrane-inserted receptors (11) and was similar to that 
of glycosylated r b P R ~ - E C D  (amino acids 1-198) expressed in 
an insecthaculovirus expression system (11, 12). Thus, 
whereas truncation at the extracelluladmembrane boundary 
has a major effect on the K,, neither  truncation of the 12 car- 
boxyl-terminal amino acids nor  glycosylation  affects  affinity. In 
binding experiments using lZ5I-rbPRLR-ECD, both rabbit  and 
porcine PRLs were lO~-fold less effective than oPRL. Since the 
biological activity of rbPRL in a rabbit mammary gland explant 
bioassay i s  only slightly lower  (Fig. 81, its binding affinity for 
the soluble  ECD  does not serve as a predictive parameter of 
biological  activity. The discrepancy between the binding and 
bioassays was not related to the experimental conditions of the 
binding experiment, which included precipitation of the hor- 
mone-receptor  complex by polyclonal  antibody, since gel filtra- 
tion experiments using rbPRL as a competitor for 1251-oPRL 
binding to the ECD  yielded similar results  (data not shown). 

Direct interaction studies (Fig. 5) clearly suggested a 2:l 
rbPRLR-ECD:bPL  stoichiometry, whereas the stoichiometry of 
the former's interaction with other hormones was 1:l. This 
conclusion was further  substantiated by interacting oPRL, 
hGH,  bPL, and des-13-bPL with radiolabeled rbPRLR-ECD, an 
experiment in which higher ECD:hormone ratios could  be 
achieved in the preincubation mixture. Since, in both  gel  fil- 
tration experiments, truncation of bPL by 13 NHz-terminal 
amino acids changed the interaction stoichiometry from 2:l to 
1:1,  we conclude that the NHz-terminal portion of bPL partici- 
pates in the second binding site. This conclusion is consistent 
with results reported for the interaction of hGH with hGHR- 
ECD (5, 6). It should be remembered that  the NH2-terminal 
domain of bPL extending beyond the putative first a-helix (6, 
28) consists of 19 amino acids, as compared to 5 amino acids in 
hGH or porcine growth hormone and 14 amino acids in oPRL 
(29). Therefore, truncation of the 13 NHz-terminal amino acids 
in native bPL should not interfere with the integrity of the first 
a-helix, and indeed, we have found the CD spectra of the  trun- 
cated analogue and the full-size hormone to be identical (13). It 
is  surprising, however, that  the bioactivity of des-13-bPL was 
only partially affected: it exhibits -50% less lactogenic recep- 
tor-mediated activity in Nbz cells (13) and in rabbit mammary 
gland explants (Fig. 8), whereas its somatogenic  receptor-me- 
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FIG. 9. Gel filtration of complexes formed between 1061-oPRL 
and rbPRLR-ECD from conditioned medium of COS 7 cells 
transfected with rbPRLRECD  cDNA. Complex formation was 
achieved during 16 h of incubation in TMBA buffer at room temperature 
using a constant amount of 12sI-0PRL (32,000 cpd200 pl) and increas- 
ing amounts of conditioned  medium (per 200 pl): none (e), 2.5 pl (A), 5 
pl (m), 10 pl (O), 20 p1 (A), 40 pl (O), 80 pl ( 0 ), and 120 pl (V). Aliquots 
(200 pl) of the incubation mixture were applied to the Superdex 75 HR 
10130 c o l u m n  preequilibrated witb TNM buf€er. The column was devel- 
oped at 1 d m i n ,  and 0.5-ml fractions were collected and monitored for 
radioactivity. Znset, total maximal binding was 80%, and nonspecific 
binding was 3%; specific binding was calculated from the  data. The 
experiment was repeated two times. For further details, see text. BSA, 
bovine serum albumin; OVA, ovalbumin; TI, trypsin inhibitor. 

diated activity is -2-fold higher  in 3T3-F422A rat preadipo- 
cytes (13) and  in rat hepatocytes.* 
Our suggestion that, unlike other tested hormones,  one mol- 

ecule of bPL binds two molecules of rbPRLR-ECD was derived 
not only  from the fact that  the single peak was obtained at a 2:l 
molar ratio (Fig. 5C), but also on its elution at  an RT of 10.8 
min. Other ECD-hormone  complexes had RTS  of  11.43-11.53 
min. C a l ~ a t i o n  of the molecular mass of the ECDabPL  com- 
plex according to a standard curve based on RTs for  bovine 
serum albumin, ovalbumin, oPRL, and hGH  yielded a value of 
55.6 kDa, rather  than  the expected value of 65 kDa assumed 
from the  2:l stoichiometry. This discrepancy  could result from 
formation of a more  compact structure in the complex, as sug- 
gested by Fritz et al. (301,  who  found that  the trypsin-trypsin 
inhibitor complex is eluted from a Sephadex G-50 column in a 
position corresponding to a molecular weight of 26,000 rather 
than  the expected value of 30,500. The 1:l stoichiometry found 
in this work is not restricted to rbPRLR-ECD.  Recently, we 
prepared recombinant PRLR-ECD  derived  from  bovine mam- 
mary gland (amino acids 1-210) and have found that, like its 
rabbit  counterpart, it also forms 1:l complexes with either 
oPRL or hGH.5 

The ability of hGH to form  1:2  complexes with hGHR-ECD 
has been suggested to be predictive of the former's  biological 
activity (5, 10). Results presented in  this paper lead one to 
question the extent to which this predictive parameter is ap- 
pIicable to other  related hormones. We have therefore compiled 
some of OUT results  and those of other  researchers to evaluate 
whether biological activity in the respective in uitro or in vivo 
model is related to the particular hormone's ability to dimerize 
the ECD  of its corresponding receptor (Table I). Formation of 
2:l ECD-hormone  complexes  occurs mainly with hGH and bo- 
vine GH interacting with somatogenic receptor-derived ECDs. 
Several PRLs and  rabbit  or bovine  PRLR-ECD  form  only 1:l 
complexes, even when the PRL-dependent  PRLR-mediated bio- 
logical response is well-established. In the case of bPL,  occur- 
rence of either 1:l or 2:l complexes was found, irrespective of 

~ 

A. Gertler, N. R. Staten, A. Tchelet, N. Chapnik-Cohen, and G. G. 
D. Vashdi and A. Gertler, unpublished data. 

Krivi, unpublished data. 
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Compilation of current data on the interaction of hG€iR-ECD and PRLR-ECD or binding proteins with  lactogenic or somatogenic  hormones 

ECD or B P  Hormone tested 
Stoichiometry of 
ECD-hormone 

Biological 
activity 

complex of hormoneb 
Ref. 

rbPRLR-ECD  oPRL,  hGH, 1:l Yes (L) 12 

rbPRLR-ECD 
(1-198 g ~ )  

(4-210) 

bPRLR-ECD 
t 1-210) 

(1-246) 
hGH-mBP 
hGH-BP 

( 1-238) 

oPRL,  hGH,  rbPRL,  pPRL 1:l Yes (L) This work 
Des-%hGH, des-13-bPL 1:l 
bPL 

Yes (L) This work 
2:l Yes (L) This work 

oPRL,  hGH, 1: 1 Yes (L) Gertler et ahc 

hGH,  bPL 
Des-7-hGH 
hGH 
hGH 
Des-7-hGH 
bGH 
bPL 

hGH-BP 2 1  Yes (SI 7, 32 
1:l Nil (St 7, 32 
1 1  ? ( S )  Sakal and CertleP 
2 1  Yes (S) 5, 22 
1:l ND 5, 22 
2 1  Yes (St 
1: 1 Yes (S) 

Staten et al.' bGH-BP 

a BP, binding  protein; gp, glycoprotein, pPRL,  porcine  prolactin; ND, not determined. 
* Mediated  through the actogenic (L) or somatogenic (S) receptor. 

A. Gertler, N. R. Staten, A. Tchelet, N. Chap&-Cohen, and G.  G. Krivi, unpublished data. 
E. Sakal and A. Gertler, unpublished data. 

e N. R. Staten, J. C. Byatt, D. M. Laird, and G.  G. %vi, submitted for  publication. 

full biological activity in  the related system. An unexplained 
observation is that naturally occurring glycosylated  hGH-bind- 
ing protein forms only 1:1 complexes with hGH, in contrast to 
its recombinant nonglycosylated analogue. 

In view  of these  results, we postulate that the ability or 
inability of the  tested PRLs or bPL to form 1:2 complexes with 
their respective soluble R-ECDs  does not predict their biologi- 
cal activity. This postulate does not preclude,  however, the oc- 
currence of hormone- or anti-receptor antibody-induced dimer 
ization of membrane-embedded PRLRs. 

Although no conclusive explanation exists for the disparity in 
the results regarding PRLR-ECD presented here and  in a pre- 
vious paper (12) and  in the  results reported for  hGHR-ECD 
6-71, two  possible hypotheses may be proposed. (a) Formation 
of the 2:1  hGHR-ECD.hGH  complex is facilitated by a double 
hydrogen  bond between the hydroxyl  moiety of woo in  the 
first ECD  molecule and between Asp152 0-62 and  SePol 0 - y  in 
the second. In rabbit  and bovine  PRLR-ECDs, is substi- 
tuted by  Leu170 (15,25,31), which is incapable of forming these 
hydrogen  bonds.  Lack of these bonds  could hamper formation of 
the 1:2  complex with the soluble ECD, whereas in  the mem- 
brane-embedded receptor, such a complex  could occur because 
dimerization is stabilized by other interactions within the 
membrane or cytosolic  domains. ( b )  mAb A917 is capable of 
inhibiting binding of IZ5I-0PRL to the membrane-embedded 
receptor, but not soluble rbPRLR-ECD expressed in the insect/ 
baculovirus (11) and E. coli (Fig. 48) expression systems, im- 
plying that  the  co~ormations of the soluble and membrane- 
embedded  ECDs  differ. This suggestion is further 
substantiated by the finding that  the soluble ECD exhibits 
10-fold higher affinity for oPRL than  the membrane-embedded 
receptor (11). Thus, because of the conformational constraints 
imposed by the cytosolic domain, the conformation of the free 
ECD  may  be such as to prevent heterotrimer formation and 
thus to be valueless in predicting biological activity based on 
stoichiometry. 
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