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We have cloned and sequenced 4.5 kilobases (Kb)
of cDNA encoding the chicken progesterone recep-
tor. The complete cDNA contains an open reading
frame of 2361 nucleotides in length and encodes a
polypeptide of 787 amino acids with a mol wt of 85.9
K. At least four mRNA species have been detected
in chick oviduct cells. Direct sequencing of variant
cDNAs has suggested that two of the mRNAs (4.5
Kb and 3.6 Kb) differ only in the length of their 3'-
untranslated regions. A third mRNA (1.8 Kb) pro-
duces a truncated polypeptide which encodes the
immunoreactive NH, terminal sequence of the recep-
tor but lacks the hormone binding regional and half
of the DNA-binding domain. The polypeptide ex-
pressed. from the receptor cDNA in progesterone
receptor negative Cos M-6 cells is indistinguishable
from oviduct progesterone receptor in terms of hor-
mone binding and antibody reactivity. Furthermore,
the cloned receptor is capable of activating tran-
scription of a target gene. This activation is proges-
terone dependent (with half-maximal stimulation at
~3.3 x 10~" m) and specific for the target gene.
{Molecular Endocrinology 1: 517-525, 1987)

INTRODUCTION

Steroid hormones regulate gene expression in eucary-
otes by binding to specific intracellular receptors which
in turn modulate the transcription of target genes (1-
3). The recent cloning of the glucocorticoid (4, 5), estro-
gen (6-8), thyroid hormone (9, 10), progesterone (11—
14), and vitamin D receptors (15) has now facilitated
examination of the structure-function relationships of
these receptors. Amino acid homologies among these
proteins suggests that they belong to a family of hor-
mone receptors (16).
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We have used the chick oviduct as a model system
to examine the molecular mechanisms involved in reg-
ulation of gene transcription by progesterone. in the
chick oviduct the interaction of progesterone with its
receptor results in increased transcription of a defined
set of genes coding for egg-white proteins (17). We
have reported previously that the chicken progesterone
receptor (cPR) is composed of two hormone-binding
proteins (18). The A protein binds to DNA with high
affinity while the B protein binds less well to DNA but
interacts with certain nonhistone chromosomal proteins
(19). In order to examine the primary structure of the
receptor and to establish the origin and functional sig-
nificance of the A and B proteins, we have isolated
previously partial cDNA clones encoding the cPR (11).
The partial cDNA sequence we reported was in agree-
ment with the partial cDNA sequence presented by
Jeltsch et al. (12).

In the present paper, we report the sequence of the
entire cPR cDNA and examine the homology between
cPR and other steroid receptors. In addition, we dem-
onstrate that the polypeptide product expressed from
the cPR cDNA displays the functional activities inherent
in the authentic progesterone receptor (PR) from chick
oviduct.

RESULTS
Chicken PR cDNA and Protein Sequence

We have reported previously the isolation of partial
c¢DNA clones encoding the cPR (11). In order to obtain
the sequence of the complete cPR cDNA, the longest
of these clones [cPR2, 1.3 kilobases (kb)] which en-
codes the immunoreactive domain of the receptor pro-
tein was used as a 3p-labeled probe to screen two
independent Agt11 cDNA libraries and a pCD cDNA
library prepared from chicken oviduct poly(A)* RNA. A
number of the overlapping cDNA clones obtained were
sequenced by the M13 dideoxy chain termination
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method (20) or by chemical degradation according to
the method of Maxam and Gilbert (21). The sequencing
strategy is shown in Fig. 1. The sequence was con-
firmed by comparison with that of genomic clones
covering the entire cDNA (Huckaby, C. S., O. M. Con-
neely, W. G. Beattie, A. D. W. Dobson, M.-J. Tsai, and
B. W. O’'Malley, 1987, in preparation).

The complete cDNA sequence encoded by the long-
est cPR mRNA (4.5 Kb), together with the deduced
amino acid sequence of the receptor protein is shown
in Fig. 2. The longest open reading frame is 2361
nucleotides in length and contains an initiation methio-
nine signal at nucleotide 315. The open reading frame
closes with a TGA stop signal at nucleotide 2676 in the
sequence. Upstream at nucleotide 156 and in frame
with the initiation ATG is a TGA stop signal which
suggests that translation cannot initiate 5’ of this ATG.
The authenticity of this TGA stop signal has been
confirmed in two distinct cDNA clones and in the ge-
nomic DNA itself. In fact, this region has been crossed
five times from each direction using both the dideoxy
and Maxam and Gilbert methods. The 3'-end of the
open reading frame is followed by a long 3’-untrans-
lated region which contains a consensus polyadenyla-
tion signal (AATAAA) 32 nucleotides upstream from the
poly(A) addition site.

The longest open reading frame encodes a protein
of 787 amino acids in length with a predicted polypep-
tide mol wt of 85.9 K. Examination of the receptor
sequence reveals a second methionine codon 385 nu-
cleotides downstream of the most 5’-initiation signal in
the same translation reading frame. This internal ATG
is flanked by a consensus sequence consistent with
that reported optimal for initiation of translation in eu-
caryotes (22).

Vo!1 No. 8

Receptor cDNA Variants

Three variant cDNAs were isolated during screening of
the cDNA libraries. These variants with the correspond-
ing oviduct mRNAs are shown in Fig. 3. Two of the
cDNAs (4.5 kb and 3.6 kb) contain identical coding
sequences and appear to differ only in the length of
their 3’-untranslated regions. The third cDNA variant
(1.8 kb) which was isolated from three independent
libraries produces a truncated polypeptide which con-
tains the entire immunoreactive domain of the receptor
but lacks the hormone binding domain and half of the
DNA binding domain of the protein. Northern blot hy-
bridization analysis shows that the variant cDONAs may
correspond to three mRNA species detected using
chick oviduct poly(A)* RNA. For these analyses, a *2P-
labeled antisense RNA probe was used which is derived
from cDNA which encodes only the immunogenic region
of the receptor protein. This region is not conserved
among the steroid receptors thus minimizing the pos-
sibility of cross-hybridization of the probe with mRNAs
encoding other steroid receptors. An additional mMRNA
was detected in lower concentration at approximately
8.0 kb in size. Although no cDNA clones have been
isolated to date corresponding to this band, it may
derive from alternate polyadenylation at a site further
downstream from the poly(A) site of the 4.5 kb mRNA.

Chicken PR Structural Homology with the Steroid
and Thyroid Hormone Receptors

The amino acid sequence of the cPR was deduced from
the nucleotide sequence of the complete cDNA and
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Fig. 1. Strategy for Sequencing of the cDNA

A, Placement of some of the cDNA clones which were used to determine the sequence of the gene. GPR-11 is a fragment from
a genomic DNA clone. B, A composite restriction map line shows the placement of relevant restriction sites. The locations of the
possible initiation codons for the A and B proteins, the stop codon and the polyadenylation signal are also shown. Numbers below
the line refer to kilobase pairs of fragment length from the 5’-end of the gene. C, D, The vertical lines for each enzyme represent
the position of restriction sites where fragments were generated for (C) ligation into the multiple cloning site region of a M13 vector
(33), or (D) labeling with [y-**P] ATP and T, polynucleotide kinase. The sequence of the fragments was determined by (C) the
dideoxy chain termination method (20) on templates derived from M13 phages, or (D) chemical degradation according to the
method of Maxam and Gilbert (21). The arrows indicate the direction and extent of sequence from these restriction sites. Eighty
one and three-tenths percent of the final sequence was determined from both strands. Ten and a half percent was determined at
least twice on one strand from overlapping restriction sites, and the remaining 8.3% was determined at least twice on one strand
from the same restriction site.
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Chicken Progesterone Receptor

oC 904 WA % ®IA GO0 608 AAC OCG 0OC OCC TC7 CAQ CAG TAC 000 €00 C0O COQ GAC 000 GAG OOY CCA O0G GAG COC GGC GAG GG
%0 CA6 GOC 03¢ CAS C88 OO ACS ASS OOC CFT OCC COC €CG OCC TCT COC 70C CCC T GAA GAC 00C Jga COC TCA GAT COF FCT OCC CTC
100 COC ABE ACC @1C CO8 GC8 OCU ATC GOC GCA ©08 FCS 906 CTC CYC GGA ACG CAG COC CAT OYG AAC 000 AOC OCC 97C 008 OCC 6CQ AGC

110, nac coc sce s omv 7T ow woe e aac oov cev ow aac adc[ITE]ACT GAG GTa MG M0 AAG A8 ACT CGa Gco CXT UG TeC o
the glo vad s eer lys glu thr arg sle pre
390 cr aac wan o6 €7C Cre Cre Cag o7 OUT OoC ARC O %06 Ak OCO g 90C ATC Gac ETC oK CTG QMG 000 TG CTC TaC CXC Ak
wty sop aiy als a1 lew lew Gla ale pre pre ser arg gly glu ale glu gy bie ssp val sls lew aep gly Lou lea tyr pre arg
130 052 AR €AC Ca6 GAE CA2 G0 T8 Gt CoE AaC A8 s s o s s s G S 00 s g on s s b S S
asp g1u 919 gle glu glu glu gle asa olu gls glu glu glu glu glv glu gle pre gls gla erg gle glu gis olu olv ot
300 €S CAG €AC Ea7 CBG EAT TOC CCT NG TAC COG CCO 75 e 258 aag Ghe ew e RAC 4o e ew e aoe e e
914 014 glw eep arq 2ep oyr pre ser tye o bre 017 417 G1y ser Tou sk iys asp oys 1ou sep ou Teu asp the phe leu
430 06 CTC @CA OOC CAT GCC QU8 €°C TAG “a.mmmmmmmmmmmmmmumuzm
416 pre ale ale Nie als sls pre trp ser lew phe oly pre gle vel pee glo val pre val ats pro{metfees g aly pro glu gin
710 Ae &St #16 €ac GO oA TG 084 GCT CTC 27 COF TOG CAG CCD CTA €T %0 GCT £0G €7 FO5 06 Gor QT GAC T TG AMc TTC
Iye ale sl asp als gly pre gly als pre gly pee ser gl pre arg pre gly sls pee low trp pre gly sla aep ses lov eon wal
$10 60C ETe AMA 6CE COT CCG 0GA CCC CAD GAC OCC AGC GAG AAC AQM OCG CCU 000 CTG OCC 0OC OCC GAG GAG €OC GOC ¥YC OCG GAG OGG
ale vl Iys als sry pre Gly pes Glu aep sle sor Qlv ase arg sle pre gly lew pes gly als gle glo arg oly phs pro glv arg
%90 tac e ooe coc G Gas 0ac eas Cra acg ecc ot ey ooy ey e O oG oo o7a s 0TS e s aar ne cre ac
sep ale gly pre oly 1% Gy G lew ale pre ols sle ols ale ser e 914 91 wul 910 pee Gly ate giy gle sep tve lou wie
950 €79 COC ATC CTG T8 CTC AAC FCT OCC $1C CTC GIC TCO 0OC ACG C0G CAG CTG CT0 GAC TG GAG G0G GG TAC GAC 0OF AGC GCC TTC
#al prs (10 low pre lov asn sar sle phe lew als ser arg thr arg gla leu lew ssp val glu ala sle tys aap gly ser ale phe
1040 ©3G €CO CWC FOC OO CCF FOC GTC £OC GOC GO0 GAC TIG OTC CAG TAC GOC TAC CCG CCG CCC CAC GGC AAG GAG GGC COC PIC OCT TAC
Q1Y Bre arg ser evz pre sar val pes sls als ssp les als glu tyr gly tyr pre pee pew sep Gy iys glu gly pro phe ala tys
1170 €3C €A $YC CAG AOC OCU CTU AAG ATC ARO GAG €79 CCC 0CC 6CT (T COC £Ca TEC CTG 93¢ 0CC AMG GCC GCC cee
7 glv phe gla sae uls lew lys ile lye gle gls gy val gly les pre sis als pre pre pre phe lew gly sls lys als als pre
1240 oCC @aC FRC 00O CAG CET T 0BG OCC 030 €AS aé OO T8 CTG GAG TOC GTC CTC FAC AMG OCC €AG CCG €CC CTC G CSC G3C GCA
41¢ osp phe sle Gla pre pre arg sle gly gls glv pre ser lew glu cys vel lew tyr lys sle glu pre pre lew lew pro gly als
1330 A 0O€ 00O COC 008 OCC CCC €2C AGC CTG CCG FOC AT TG GOC OCC COG CUC G3¢ CTC TAC TCG (TG CYC OGC CTC AAC GGG CAC CAC
tys Qly pre pre sls ole pre eap sor 1oy pre sar thr sar sls le pro pre aly s tyr ser pre leu gly leu ass gly hie hie
1010 cas oce rc occ oce ece ©3C C76 CTC €16 CTS POC OCG CTC TAC CYC 0OC TAC GTQ €00 CCA GAC ACA Cha
e t1e Tou Gy sme bew ele o1s ) Tuw Irs die o1y leu pre Ghe Tew cre pes pre LTe Tew S17 LTF val seg pes arp it gl
1310 ACC ASC CAS a0C CC €A0 FAC AGC FTT GAX 06 C7A CCC CAG AAG ATT TGT CTC ATC YGT GGT GAT GAD OCT 7CT GO YOO CAC TAC GGA
Ihr ser gis eer sax s Lye eer phe glu ser les prw gla lys Lle eye loy ile €rs gly aep olu als sur gly crs Ms tye gly
1610 OTA CYC ACC TUY A AGC TUY AAM OTC FIC YYY AAA AOG OCL ATE CAA OO CAG CAC AAC TAY TTA YOY OCT OGA AGA AAT GAC YOC ATA
sl Lew Wz ays gly #or eye iys vl phe phe lys arg sls met glw gly gis his asn tyr les cye sls gly arg asn sep cys ile
1710 TY CAY Aaa TP OC? AGG AAG AAC TOT CCA OOG 1GT COC TTG AOG AAG 70T TCY Caa GCY OGA ATG OTC CTG OGA OOT CGA AAA TRT AN
sl aep lye tle arg o0 1ys sea «ys pre sle cys g lew arg lys eys cye gla ols gly mat val leo gly gly arg lys phe lys
1850 AAG CTT AAC AAA ATE AAS GTY OTC ABG ACM TTa AT GTY GCA CTT CAQ CAG CCA GCC OTC CTT CAG CAY GAA ACC CAG KT CTA ACG CAA
17e lew asn lys @et lys val val arg Lhr lew esp *a1 sla lew Gla gla pre als vel law gln sep gle thr gin ser lew the gln
19% 49 cTa TOC TTE €T CCM A7 CaA CAL ATa COG TTY GTY CCU Gt ATE ATA AGY CTT FTA GEA GOC ATT GAG OO @A OTF TC Tt G
arQ 1eu ser phe ser prw ssn gln glu ile pre pha val pre pro met ile sar vel Jeu srg gly i1e glu pre glu el val tye

190 cer Ty aac A cor £CA 46T 0E TS CT0 ACC AT CTA MAT CAT CTT TOT Ghg MG AR CTO TP 1SY 1A TC M
Qi tye aep Ar lys pro glu thr pre ser ser lew lew thr ser leu o u cys glu arg gl lew leo cys val val lys
1916 T8 TCA M2 76 CTA CCA OB TYT OO AMT TTA CAT 77 SAT GAC CA MM ACY CTC ASC A0 TAT T 10 ATO AGT TR ARG C1T 1Y
Tep sar Iys leu lev pre gly phe rg sew Low his tle aep eop glu 1le thr lau $le gla Lyr sar trp met sor les mst val ph
7140 @CA ATE GIA 76C MM TCA TAC AAR CAT UTC ADY CGf CAG ATC CTG TAY TEY OCA CCO CA? CTG ATY TG AAT CAA CAS ACC ATG ALA QA
410 wet gly trp afg et tye lys Als val ser gly Ol mat lew tyr phe sla pra asp leu ile lew asn gle gln erg eet lys glu
3 7oA OB TIC TRY YO €U 0T OO 70U A9 700 €A CTC CCA ©40 GM TIY OUC MiA CTC CAM OTY AT CAA G b THY CTA RO 4TC

& Phe tyr sar lew ey leu ser mat trp gls los pre gia glu phe ul arg 1ew gla vel ser gla gle gl phe lev cys met

T s goh CTA €4 T CTC AAT ACK AT OCT TG Cad ST CTA AGA QY CaA MG CAA TTT AT A IO ACK A0G MGT TAC ATY Ak G
¥s o3e 1eu leu 100 lew aon the fle pre leu glé Gly law arg ser Gl ser gla phe osp Glu mat arg thr eer tye ile org glu

148 78 79 aag ace ATy oor 176 coc Ca AAs TT OTY OTS G AAC TOC CAG COC TIC TAT €06 CTY ACA AAA €70 ATS G TeE 410 aat
Low val lys sls fle gly leu srg gis iys giy val val ala ean ser gla arg phe Syr gla leu thr iys lew

TS0 LT eTh ar aaa €A ¢ eaf 0 TTC FOT O70 Aa¢ ACA TTY CIC CAG TOE OUF G €TQ A 17 b TTC COT CAG ATG TG T G
409 1ou vel iys 01 1ew Mis 1ou phe cye ey son LAr phe lew Gln ser arg sls lov sor val Glu phe pre glu met wet ser glu

10 916 7T oo oca €A CTQ CUC A0 ATY CTO A GO0 TS 9T Aaa CUY CY T 16 a2 7oAt orc T fer o7 atc o
el 11e ale ale gIn lew prs lys Lle lew ale gly wet val lye pro lew lew phe his lye iys

1700 CAG A7G ATY YOT GOC TCU GTY YIT GTT TCT TTA TIY 00 TCA AGA YT TOC AT OTC MGG ACT TCA GTG YAT TIG TCA TAC CCT GCC TAC
7% TGC FIY ATA CTT GTA ACA TAC ACA AGC CAY TEA AOC FYG AYC TAC ATA FYC TGA PY CCT GAT TCU TEA ACE GEA AAA ATE ACA ACA GTC
110 GTA 4A 0T OTT TIC TAA ACT TOO GTA AT TGO TIF TIA CAT AT €07 MMG AAT OO AAT GAA TAG AGT TEY C2G ATY ST MG MAE MGY
1970 TAT CTT ATA CAT FTT ICT TAC ATA TTA CAC ACT FIC AAM TTT CTO ATA TGA CA? GGT OTA MAC TIT TYA ATA CAC TOT GYG CAT OCT TAC
340 ACO 190 6Ca 10T OCA 100 TOC TAM ACA TTT CA G AAT TAA AMY OTA TAT TGO CCA GAC TYY CTC ACG GAT CTY TGA CTT TTY ATT TAC
2130 TAM TCT CCY TCA CAS AAM TAT CCT FIC AAA OTC AGC TOT TAA GTY TAA GPA GAY ATC AT OCA OTA CCY TCA TGA GTA ACT GAA €S CTC
3140 TCT BCA AAM TAT GTA AAT ATO CAY TCA TGF TCT TCT CTC T9C TCA FOC TOT ATE GAA OTF CTG ATA TCA GTQ YOO FIC TPT CTG CAY CAY
230 TCA €TG CAS FYC OC TYC AAM AAT CAS AAM OCA GAM GAA AT TIC AGY AYA TOT TAY ACC AGA ACY AO ATG TAY OTY AAC CCA TAC AGC
3420 TYC 8T TG 10T TAY TYT COY TCA AAC TRY 03¢ ACY TAG TAA ADC TAA AAA AZA TYA TTO YAA TCT TAA ATY TAT CAM CTY AAA ACY TG
3310 GTA YTT €28 AN TTY TAA ATA GAA ATG FYT FRC CTG ACY ACC ACT CIC AAT AAT CTT GAT GOV PTO AAT TCT AGT GOT GAA TAC CEA ACC
3090 4AC CAC TAC CAT CAA ATV TTA AD MGG TUA A ACH AAA AGA ASY OGA AR TAT GAC CAC MMM CAG TTY GAT AAA CAT MC ATY @A €T
650 AAY ACC ATY TAG TEA ABC TAC ATA TFY TYT ACY YEA MG OCA TOC TUT TAT ACY YOG AGT AAC TGT ATG AGD ACT 100 OCT MAA CAA &b
1700 16 TAC ATY Caa @AM GAA TOT CAT OCT TTY CAT OGA AMT GAA ATS TTT GAC TAA AMA ATO ATA OTO TGA 190 T2 TTQ TYC CTY 66 TAT
970 0aa CAT A% GCY ACT CAT CTY TG GOC AGY AMA CTS CTG ATA TAY TCA GAC AAA CAO GAA T4 ATA AMO CCC AAD ARG AAT F1G GAY TAT
IO TAA AAT CTO ATA AAT TTT TAC CAQ TCA CTA GAA ATG ATA CCC ADC FIC TCY AOC ACY AT CAA COT ADC AAA CTO CAM OTC 70 MM AAC
4030 TeC TAA CCA FAC @O ATY GOF TIY CCC CAY £A0 ACH CTG GAY GCA TCC ATY 07O OTA GCA TC TAC TTA YOO TYT OYA ACK FOO GAY OTA
100 o8 ACT YT CTY TOT €8 WY AOC TAL GOC CCA TCA AGA OGA AOC TOT OTA ACA OTF AGO AAY AAA 20C ATC CTA CAY ADY ACA AAA COC
130 ACY oas €T #Te 6CA AM AAC TGA COC AAS OTA A TC TCT AAG CAG ACY 1TV WTM TIY OTY CAC TAO OTT AT AAC TYT TAA CTE COC
4310 Ak AAC ATE CTA FEY CTY ACY TAY TCA ATA CAS KXY GAC FYY CAY CYO TGA WOE TTA AAD CAA TG TV FTT AAY AAA TAA CAC AMG ATY

010: cow TYY Cva car acate)

Fig. 2. Nucleotide Sequence of the cPR cDNA and Predicted
Amino Acid Sequence of the Receptor Protein

The longest open reading frame begins at nucleotide 315 in
the sequence (MET 1) and closes with a TGA signal at nucleo-
tide position 2676. The Met 1 codon and an additional ATG
used for internal translation initiation are blocked. The in-phase
TGA stop signal upstream of MET 1 is underlined.

was compared to that of the rabbit PR (rbPR) (13) and
human (14) PR (hPR), rat (5) and human (4) glucocorti-
coid receptors (GR), chicken (8) and human (6, 7)
estrogen receptors, chicken vitamin D receptor (15),
and chicken (10) and human (9) thyroid hormone recep-
tors. In Fig. 4, the receptors are aligned on the basis of
structural similarities produced by conserved amino
acid sequences. Two major functional regions are con-
served between cPR and all of the hormone receptors.
They comprise the DNA-binding region and a part of
the hormone-binding domains and are contained within
a 350 amino acid stretch extending from the COOH-
terminus of the receptor proteins. The region of greatest
diversity among the receptors is found in the amino
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terminal region. This domain is hypervariable in terms
of both receptor size and amino acid sequence. Com-
parison of PRs between species in this domain showed
an overall amino acid homology of 24% between cPR
and rbPR and 23% between cPR and hPR. Both hPR
and rbPR contain an insertion of 146 and 143 amino
acids, respectively, which are not contained in cPR.

The most striking area of amino acid homology (C1)
is contained in the DNA binding domain of the receptors.
The domain consists of an 85 amino acid stretch in the
central portion of cPR and is characterized by a high
content of cysteines and basic amino acid residues.
The amino acid conservation with cPR in this region is
highest for the rbPR and hPR (100%) and rat and
human GR (87%). The homology between cPR and the
remaining receptors ranges from 38-53% in this do-
main.

The second most conserved region (C2) is contained
within the hormone-binding domain of the receptors.
The amino terminal portion of this domain is character-
ized by an hydrophobic region which is conserved
between all of the receptors. The degree of homology
is highest between the PR and GR in this region and
throughout the hormone-binding domain. Comparison
of the amino acid sequence of cPR with the remaining
receptors shows significant amino acid homologies
(22-25%) in the hydrophobic region and no significant
amino acid conservation in the remainder of the hor-
mone-binding domain. The remarkable structural simi-
larity between the PR and GR throughout the two major
functional domains is not surprising since there is con-
siderable similarity between the steroid ligands and the
DNA-binding specificities of the two receptors (23).

Expression of cPR cDNA in Heterologous Cells

in order to examine the hormone-binding properties of
polypeptides expressed from the receptor cDNA, we
used a 3.1 Kb ¢cDNA construct, termed cPR,, which
contains 190 nucleotides upstream from the internal
ATG (highlighted in Fig. 2) and the remainder of the
open reading frame sequence including 1.0 kb of 3'-
untranslated region. The cDNA was inserted into the
eucaryotic expression vector, p91023(B) at the EcoRl
site downstream from the adenovirus major late pro-
moter. The salient features of this vector system have
been described elsewhere (24). The p91023(B) cPRa
construct was then transfercted into PR negative COS
M-6 monkey kidney cells. The cells were administered
with 20 nm °H-labeled progesterone overnight before
harvesting. High salt (0.4 m KCI) nuclear extracts were
prepared from the cells 48 h after transfection and
incubated in the presence and absence of the acPR
monoclonal antibody, PR22 (25). The extracts were
then subjected to sedimentation analysis in sucrose
gradients containing 10-30% sucrose and 0.3 M KCl.
The sedimentation profiles of the [*H]PR complex are
shown in Fig. 5. In the absence of PR22, the [*H]PR
complex sedimented at 3-4 S in the gradient. This
position corresponds to the sedimentation behavior of
authentic cPR from oviduct cytosol (18). The addition

220z 1snBny 0z uo 1senB Aq $9Z€ 1 /Z//1.G/8/1/10IE/PUSW /W00 dNo"0IWBpEo.)/:SAYY WO} PEPEO|UMOQ



MOL ENDO.1987 Vol 1 No. 8
520

# ~—8.0kb
AUGg AUG, UGA
c1C2
0.5 i R AR AAA 4.5kb
UGA
3.6kb gL ¢t | dika —3.6kb
C1
1.8kb £ AAA .-—1.8kb

1kb

Fig. 3. Schematic Representation of cPR Variant cUNAs Together with Corresponding mRNAs from Chick Oviduct
Northern blot analysis was carried out using totat RNA (10 ng) from oviducts of estrogen-treated (8 h) chickens as described in
Materials and Methods.
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Fig. 4. Structural Homology between the Steroid and Thyroid Hormone Receptors (TR)

The receptors were aligned on the basis of amino acid homology with the cPR. The blocked regions represent the highly
conserved DNA- and hormone-binding domains. The numbers contained within the blocked areas refer to the regional homology
for each receptor relative to the cPR. cER, Chicken estrogen receptor; hER, human estrogen receptor; cVDR, chicken vitamin D
receptor.

of PR22 to the nuclear extracts resulted in an increase cytosolic extracts from these cells or in untransfected
in the sedimentation rate of all of the bound [*H]pro- COS M-6 cells (data not shown). These results provide
gesterone. These results indicate that all of the com- direct evidence that the cloned cPR cDNA sequence
plexed [*H]progesterone was bound specifically to the encodes the PR.

PR. No progesterone binding was observed in the To examine the functional activity of the expressed
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Fig. 5. Sedimentation Analysis of cPR in Nuclear Extracts from
COS M-6 Cells Transfected with the p91023(B) cPR. Receptor
Expression Plasmid

A 3.1 Kb cDNA containing sequences from nucleotide 501
to 3676 was subcloned into the EcoRlI site of p91023(B) 5’ to
the adenovirus major late promoter, p91023(B) cPRa. Forty
micrograms of the expression plasmid was used to transfect
COS M-6 cells. The cells were administered 20 nm [*H]pro-
gesterone overnight before harvesting. At 47 h post transfec-
tion, the cells were harvested and nuclear extracts were
sedimented in 10-30% sucrose gradients containing 0.3 M
KCI as previously described (18) in the absence of acPR
antibody «PR22 and after addition of 10 ug «PR22. The open
circles represent the sedimentation profile of [*H]cPR in the
absence of «PR22 (10 ng); the triangles represent [*H]cPR
sedimentation in the presence of «PR22. Mab, Monoclonal
antibody.

polypeptide we cotransfected with the receptor expres-
sion construct, p91023(B) cPRa,a plasmid containing a
progesterone responsive promoter-enhancer element
fused to a reporter gene into CV-1 cells. The CV-1 cell
line is derived from monkey kidney cells and does not
express SV40 T antigen. These cells do not contain
PR. The transfection was carried out in the presence
of progesterone. For these experiments, the MMTV-
LTR element was used as the progesterone responsive
element (23). The reporter gene sequences fused to
this hormone-responsive element code for bacterial
chloramphenicol acetyl transferase (CAT). The results
of such a cotransfection assay are shown in Fig. 6A.
The MMTV-CAT construct, pAHCAT, was not ex-
pressed in CV-1 cells in the absence of the PR. How-
ever, upon cotransfection of the expression vector con-
taining the receptor cDNA sequence together with the
pAHCAT construct, the expression vector provided
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Fig. 6. Transient Cotransfections of Receptor cDNA and Tar-
get Gene Plasmids into CV-1 Cells

Panel A, CAT activity expressed in CV-1 cells after cotrans-
fection of pAHCAT with: 1) 5 ug plasmid p91023(B)cPR, in
the sense orientation (A); 2) p91023(B)cPRa in the antisense
orientation (A(R)); 3) p910239(B) without cDNA; and 4)
pAHCAT alone without receptor plasmid. Panel B, Target gene
specificity of gene activation by receptor: 1) 5 ug (A)
p91023(B)cPR, with 5 g pAH CAT; 2) 5 ug p91023 (B) cPR,
with 6 ug Ins-CAT; and 3} 5 pug receptor plasmid
p91023(B)cPR. in the antisense orientation with 5 ug Ins-CAT.
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functional PR which was capable of inducing the MMTV
promoter to express CAT activity. Cotransfection of the
pAHCAT construct with p91023(B) alone or with the
same receptor cDNA inserted into p31023(B) in the
reverse orientation showed no CAT activity and dem-
onstrates that the CAT activity observed with the
p91023(B) cPR. construct is dependent on receptor
expression.

To determine whether the enhancer activation seen
with the expressed receptor is specific for the target
gene, we used a construct containing the insulin pro-
moter and enhancer regions fused to CAT (Ins-CAT) in
a second cotransfection assay. The insulin gene is not
normally expressed in CV-1 cells. As shown in Fig. 6B,
no CAT activity was observed from this construct when
cotransfected with the p91023(B) cPR4 construct in the
sense (A) or antisense (A(R)) orientation. A positive
control demonstrating CAT activity of the pAHCAT
construct with p91023(B) cPR, is shown in lane 1. A
similar cotransfection was carried out using pSV2CAT.
This construct expresses CAT activity in CV-1 cells
using the SV40 promoter. Transfection of receptor
sequences with this construct did not increase the basal
expression of CAT activity (data not shown). The results
indicate that the MMTV activation seen with the ex-
pressed cDNA is specific for the target gene enhancer
sequences.

The hormone dependency of target gene activation
was measured by culturing CV-1 cells which had been
cotransfected with both p31023(B) cPR, and pAHCAT
constructs in charcoal-stripped serum in the absence
of progesterone and with increasing concentrations of
progesterone added to the medium. The CAT activity
observed at each concentration of progesterone is
shown in Fig. 7, A and B. The data show that the
induction of MMTV is progesterone dependent. Analy-
sis of the relative CAT activity at the various progester-
one concentrations allowed an estimation of the equilib-
rium constant (K,) for progesterone activation of recep-
tor at approximately 3.3 x 107'° m. This value coincides
closely with the equilibrium constant PR binding ob-
served with the native PR in chick oviduct (18).

DISCUSSION

The data presented in this paper demonstrates that the
cDNA clones we have isolated and sequenced encode
a functional cPR. The conclusions are based on three
criteria: 1) the polypeptide product expressed from the
cloned receptor cDNA is capable of binding progester-
one; 2) the PR complex is immunoreactive with antipro-
gesterone receptor monoclonal antibodies; and 3) fi-
nally, the cloned receptor is capable of inducing tran-
scription of a target gene. The induction is both target
gene specific and progesterone dependent.

The complete open reading frame in the cPR cDNA
encodes a protein of 787 amino acids in length with a
calculated mol wt for the B form of the receptor of 85.9
K. This value is approximately 20 K lower than the
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estimated mol wt of the receptor B protein using den-
aturing gel analysis (2). A possible explanation for this
discrepancy may be provided by the appearance of a
long interrupted glutamic acid track consisting of 25
amino acid residues which may result in retarded mi-
gration of the protein in sodium dodecyl sulfate acryl-
amide gels. This glutamic acid track is not contained in
the rabbit or hPR sequences (13, 14). The cDNA se-
quence reported here corresponds in length to a 4.5 kb
mRNA detected in chick oviduct. Three additional
mRNAs are detected also with sizes of 8.0, 3.6, and
1.8 kb. There is no evidence to date to suggest that
the three larger mRNAs encode functionally distinct
proteins. We have isolated a variant cDNA which may
encode the 1.8 Kb mRNA. This cDNA encodes a poly-
peptide which contains the entire immunoreactive do-
main of the receptor but lacks the hormone binding
domain and half of the DNA binding domain.

Comparison of the amino acid sequence of cPR with
the steroid and thyroid hormone receptors demon-
strates two regions of striking amino acid homology
which are positionally conserved among the receptors.
They comprise the DNA-binding domain (C1) and a
hydrophobic region (C2) within the hormone-binding
domain of the receptors. The homology between the
different steroid hormone receptors is highest between
the PR and GR where the amino acid conservation
extends throughout the carboxy terminal half of these
receptors. Furthermore, analysis of hydrophobic plots
of the carboxy terminal half of these proteins demon-
strates that many of the amino acid changes observed
in the homologous regions arise from conservative
amino acid substitutions and result in a remarkably
similar hydrophobic structure in the DNA- and hormone-
binding domains of the two steroid receptors. It has
been shown that both the GR and PR bind to the same
enhancer DNA sequences on MMTV DNA (23). In ad-
dition the steroid ligands for these two receptors share
certain structural features including requirement for a
A *-3-Keto function and the 20-Keto group (26). In light
of these observations, the high structural homology
observed in the major functional domains of these
receptors is not surprising.

Comparison of the amino acid sequences of ¢PR,
rbPR, and hPR showed that the primary structure of
the receptor is highly conserved between species from
the DNA-binding domain in the central portion of cPR
to the carboxy terminal end. Although the NH?-terminal
region of the protein is also highly conserved between
the rbPR and hPR (13, 14) in terms of both domain
length and amino acid sequence, this region shows low
overall amino acid homology with cPR where the do-
main is shorter by approximately 140 amino acids. The
functional significance of this domain diversity in the
cPR is unclear at the present time.

The data obtained from transient transfection exper-
iments demonstrates that the cloned receptor cDNA
construct encodes fully functional PR. The cDNA con-
struct used in these experiments used an internal me-
thionine codon to initiate translation of transcribed
mRNAs. Use of this internal methionine to express a
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Fig. 7. Progesterone Dependency of MMTV Activation by the Cloned Receptor

A, Autoradiogram of thin layer chromatographic assay for CAT activity. Cells were cultured in charcoal-stripped serum without
progesterone or with added progesterone at concentrations shown. Five micrograms of receptor and pAHCAT reporter plasmids
were used for transfections. B, Relative CAT activity as a function of progesterone concentration. The relative CAT activity was
determined by counting the radioactive products obtained at each progesterone concentration. 3AC, 3-Acetylchloramphenicol;

1AC, 1-acetylchloramphenicol.

receptor protein should yield a polypeptide of 72 kilo-
daltons in size and 659 amino acids in length. This
cloned receptor induces transcription of MMTV in a
progesterone-dependent manner and is thus a func-
tional receptor molecule. In recent studies we have
used the complete cPR cDNA including 5’-untranslated
sequences to express PR A and B proteins both in vivo
and in vitro. These data indicate that the cDNA se-
quence described in Fig. 2 codes for both the A and B
forms of the PR. The first ATG in reading frame repre-
sents the initiation codon for the larger B form. The

second ATG represents an internal codon used for
synthesis of the A form. Thus the two forms of the
receptor are generated by alternate initiation of trans-
lation from two in phase AUG codons in a single mRNA
(unpublished observations).

The expression of a functional PR protein in these
studies has now facilitated examination of the structure-
function relationships of the protein by our ability to
assay the functional activities of altered receptors gen-
erated by a site-directed mutagenesis of cPR cDNAs.
Moreover, expression of the A and B forms of the
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receptor in heterologous cells will allow us to examine
the relative functional significance of these two receptor
proteins.

MATERIALS AND METHODS
Isolation of cDNA Clones

Total RNA was isolated from estrogen-stimulated chickens
using guanidine thiocyanate and purified by oligo(dT) cellulose
chromatography. (Collaborative Research, Inc., Lexington,
MA). Twenty five micrograms of poly (A)* RNA was used to
prepare oligo(dT)-primed cDNA and random oligonucleotide-
primed cDNA by the method of Gubler and Hoffman (27). The
cDNA was modified for insertion into Agt11 as previously
described (28). Two independent Agt11 cDNA libraries were
generated: a random primed Agt11 cDNA library containing 8
x 10° primary recombinants and an oligo(dT)-primed cDNA
library containing 6 x 10° primary cDNA recombinants. An
additional chick oviduct cDNA library generated in pCD by the
method of Okayama and Berg (34) was kindly provided by
Jeffrey Northrop and Gordon Ringold (Stanford University,
Stanford, CA). The libraries were plated at a density of 5,000~
10,000 recombinants per 150 mm Petri dish. Nitrocellulose
filters were hybridized with nick-translated cPR2 DNA over-
night at 68 C in 6x SSC (0.9 m NaCl, 0.09 m NaCitrate) and
1.0% dried milk. The specific activity of the probe was approx-
imately 3 X 10® cpm/ug. The filters were washed three times
for 30 min at 68 C with 1x SSC. The filters were then
autoradiographed overnight at —70 C. Sequence analysis was
carried out on positive clones on both strands by the methods
of Maxam and Gilbert (21) and/or the dideoxy chain termination
method of Sanger et al. (20).

Northern Hybridization Analysis

Total cellular RNA (10ug) from oviducts of estrogen-stimulated
chickens was electrophoresed in a 1.5% Agarose gel in the
presence of 2.2 m formaldehyde (29). The RNA was transferred
to nitrocellulose and hybridized with 1 x 107 cpm 32P-labeled
antisense RNA probe (30) obtained from the cPR2 cDNA (11).
Molecular sizes were determined using RNA size standards
(BRL).

Recombinant Plasmids

A 3.1 Kb receptor cDNA fragment encoding sequence from
nucleotide 501 to the EcoRl site at nucleotide 3575 in the 3'-
untransiated region of the cDNA was used for receptor expres-
sion studies. The 5’-end of the cDNA corresponded to the end
of a Agt11 cDNA clone which had been repaired using the
Klenow fragment of DNA polymerase | and EcoRI linkers
added. The cDNA was inserted into the EcoRI site of
p91023(B) downstream of the adenovirus major late promoter.
The p90123(B) expression vector was a gift from R. J. Kauf-
man (Genetics Institute, Cambridge, MA). THe pAHCAT con-
struct used in cotransfection assays was provided by Dr.
Steven Nordeen (University of Colorado Health Science Cen-
ter, Fort Colleus, CO). This construct contained MMTV DNA
sequences from —1160 to +106 fused to the bacterial CAT
gene and the (SV40) polyadenylation signal in plasmid pxf3.
The Ins-CAT construct contained enhancer-promoter se-
quences from —461 to +118 of the rat insulin Il gene fused to
CAT-SV40 construct.

Cell Transfections
COS M-6 and CV-1 cells were grown at 37 C in Dulbecco’s

Modified Eagle’s medium supplemented with 10% (vol/vol)
fetal calf serum, 100 ng/ml penicillin and 100 pg/ml strepto-
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mycin. CV-1 cells used for hormone dependency studies were
cultured in charcoal-stripped serum in the absence of proges-
terone or with added progesterone at the concentrations
specified in Figure 6. The 5-10 ug of plasmid constructs were
introduced into the cells by calcium phosphate precipitation
(31). For hormone-binding analysis, 40 ug receptor plasmid
were used to transfect COS M-6 cells. For the induction
studies, 5 ug receptor and reporter plasmids were cotrans-
fected into CV-1 cells. Progesterone was added to the culture
medium 24 h after transfection. At 48 h post transfection the
cells extracts were assayed for CAT activity as previously
described (32).
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