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ABSTRACT We report the isolation of a cDNA that
encodes the complete human androgen receptor. The cDNA
predicts a protein of 917 amino acids with a molecular weight
of 98,918. Introduction of the cDNA into heterologous mam-
malian cells caused expression of high levels of a protein that
binds dihydrotestosterone with the affinity, specificity, and
sedimentation properties characteristic of the native human
androgen receptor. Comparisons with the amino acid sequence
of previously cloned steroid hormone receptors revealed a high
degree of sequence conservation with the progesterone, gluco-
corticoid, and mineralocorticoid receptors in the putative
hormone and DNA-binding domain regions.

Many members of the steroid and thyroid hormone receptor
family have been purified to homogeneity, and the cDNAs for
these receptors have been cloned by a variety of techniques
(1). In contrast, it has not been possible to purify the
androgen receptor to homogeneity, and less is known about
its structure than for most intracellular receptors. Utilizing
indirect techniques based on the high degree of conservation
of nucleotide sequence in the DNA-binding domains of
previously cloned steroid and thyroid hormone receptors (1)
and the known X-chromosome location of the androgen
receptor (2), three groups of investigators have reported
isolation of cDNAs that encode portions of the human
androgen receptor (3-5). In this paper, we report the isolation
of a cDNA encoding the complete human androgen
receptor.* We show that introduction of this cDNA into
mammalian cells leads to the expression of high levels of a
protein with the affinity, specificity, and sedimentation
properties expected for the native receptor.

MATERIALS AND METHODS

Cell Culture. Lymphoblastoid cell lines were obtained from
the American Type Culture Collection: GM03798, 46,XY;
GM03714, 46,XX; GM01202B, 49,XXXXY; GM06061A,
49,XXXXX. Dulbecco's modified phosphate-buffered saline
was from Hazleton (Lenexa, KS). Minimal essential medium
was from GIBCO.

Isolation of Genomic Clones. A human X-chromosome
library was prepared by L. Deaven (Los Alamos National
Laboratory) from partially digested human X-chromosome
genomic DNA inserted into the bacteriophage vector Charon
35. Nitrocellulose filter lifts and processing of filters were
performed as described (6). Prehybridizations and hybridiza-
tions were performed under conditions of low stringency
[10% formamide/5 x SSC (1 x SSC is 0.15 M sodium
chloride/0.015 M sodium citrate, pH 7.0)/5x Denhardt's
solution (1x Denhardt's solution is 200 ,ug each of Ficoll,
polyvinylpyrrolidone, and bovine serum albumin per

ml)/0.1% sodium dodecyl sulfate/denatured salmon sperm
DNA (100 ,ug/ml)] for 16 hr at 420C. Hybridizations were
performed with a mixture of DNA restriction fragments
encompassing the entire cysteine-rich DNA-binding domain
of the estrogen (7, 8), glucocorticoid (9), progesterone (10),
and mineralocorticoid receptors (11) and of v-erbA (12). The
individual DNA fragments were labeled to a high specific
activity (>5 x 108 dpm per pug of DNA) by the random
hexamer labeling method (13). After hybridization, the filters
were washed three times for 30 min each in 2 x SSC
containing 0.1% sodium dodecyl sulfate at temperatures from
380C to 550C. Positive clones were purified by four successive
platings and rescreenings. The screening of multiple platings
of the purified clones with probes to the individual DNA-
binding domains enabled the genomic clones to be grouped
into two classes. Class 1 hybridized to the human estrogen
receptor, and class 2 hybridized to the human progesterone
and glucocorticoid receptors.

Southern Analysis of Genomic Clones. The chromosomal
localization of the two classes of clones was established by
Southern blotting ofDNA prepared from human lymphoblas-
toid cell lines containing different numbers of X chromo-
somes. The DNA was digested with the restriction endonu-
clease EcoRI, and 10 ,g of each digested DNA was electro-
phoresed on a 0.8% agarose gel and transferred to a nylon
membrane (Biotrans, ICN). Prehybridizations and hybrid-
izations were performed under conditions of high stringency
(50% formamide/5 x SSC/5 x Denhardt's solution/0.1% so-
dium dodecyl sulfate/100 ,ug of denatured salmon sperm
DNA per ml) for 16 hr at 42°C. DNA fragments from classes
1 and 2 ofgenomic clone were labeled by the random hexamer
method. After hybridization, the membrane was washed
twice in O.1x SSC containing 0.1% sodium dodecyl sulfate
for 60 min at 60°C.

Construction and Screening of Prostatic cDNA Libraries. A
prostate cDNA library was prepared by using polyadenylyl-
ated RNA isolated from an open prostatectomy ofa man with
prostatic hyperplasia. First- and second-strand syntheses
were performed by modifications of the method of Gubler
and Hoffman (14) and processed as described (6). After in
vitro packaging, the AgtlO library had a complexity of 2 X 106
independent recombinants. The library was screened at
conditions of high stringency with a 1.4-kilobase (kb) restric-
tion fragment from genomic clone AX1 (from class 2) con-
taining the region homologous to the human progesterone and
glucocorticoid receptors.
To ensure the isolation of a cDNA containing the complete

androgen receptor, a second prostate library was constructed
with an oligonucleotide (CTl-TTGAAGAAGACCTT) de-
rived from the sequence of the genomic clone AXi (see Fig.
3). Two micrograms of the specific oligonucleotide was
hybridized to 10 ,ug of poly(A)+ RNA from the same prostate
RNA preparation used to make the first cDNA library. The

*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04150).
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primer-extended library (106 independent recombinants) was
screened with two restriction fragments derived from the
largest cDNA clone (Al) shown in Fig. 1.

Sequencing. The cDNA was digested with restriction
endonucleases, subcloned into appropriately digested M13
vectors, and sequenced by the dideoxy chain-termination
technique (15). The entire sequence was determined on both
strands. DNA sequence compilation and analysis were per-
formed using the PC Gene (IntelliGenetics, Mountain View,
CA) computer software.

Analysis ofMammalian Cells Transfected with the Androgen
Receptor cDNA. The full-length human androgen receptor
cDNA clone (Al) was subcloned into the expression vector
CMV3 (provided by David W. Russell, University of Texas
Southwestern Medical Center at Dallas). This vector allows
the expression ofcloned segments ofDNA in eukaryotic cells
under the control of the strong transcriptional promoter
derived from the cytomegalovirus. Forty-eight hours after
introduction of the cDNA (16) into COS-1 cells (17), the cells
were harvested in Dulbecco's modified phosphate buffer,
centrifuged at 800 x g for 10 min at 40C, and washed once in
Tris saline (50 mM Tris-HCl/150 mM NaCl, pH 7.4). The cell
pellet was resuspended in 2-3 vol of TEGM buffer [10 mM
TrisHCI/1 mM EDTA/10% (vol/vol) glycerol/i mM 2-
mercaptoethanol/10 mM sodium molybdate, pH 7.2] and
homogenized by repeated aspiration with a plastic syringe
through a 25-gauge needle. The homogenate was centrifuged
at 250,000 x g for 30 min, and 0.2-ml portions of cytosol (0.3
mg of protein) were incubated with various amounts of
[3H]dihydrotestosterone in the presence or absence of a 200-
fold excess of unlabeled dihydrotestosterone for 5 hr at 4°C.
For examination of the specificity of binding of steroids to

the androgen receptor, aliquots of cytosol (as described
above) were incubated with 3 nM [3H]dihydrotestosterone
either alone or in the presence of a 1-, 10-, or 100-fold excess
of unlabeled steroids for 5 hr at 4°C. For both the saturation
and competition studies, unbound hormone was removed by
addition of50 Al ofa dextran-coated charcoal suspension [5%
(wt/vol) charcoal (Mallinckrodt), 0.5% (wt/vol) dextran T-70
(Pharmacia), and 0.1% (wt/vol) gelatin (Sigma) in 10 mM
Tris/1 mM EDTA, pH 7.2]. The tubes were incubated for 5
min at 0°C and centrifuged for 10 min at 2000 x g. Aliquots
ofthe supernatant were assayed for radioactivity after mixing
with 5 ml of scintillation fluid. Protein was measured by the
method of Lowry et al. (18).

RESULTS
The screening ofthe X-chromosome genomic library with the
mixture of conserved DNA-binding domain fragments (see
Materials and Methods) at low stringency identified 11
positive clones (of 107 total recombinants). Hybridization to
the individual probes revealed two groups: class 1 clones
hybridized strongly to the human estrogen receptor; class 2

clones hybridized weakly to the human glucocorticoid and
progesterone receptors.

Representative clones of both classes were examined for
their X-chromosomal localization by Southern analysis using
DNA from lymphoblastoid cell lines containing various
numbers of X chromosomes. Hybridization with a repre-
sentative clone from class 1 (FXEO.7) revealed a pattern
consistent with an autosomal location (Fig. 2 Left). In
contrast, hybridization of the same Southern blot with a
probe from class 2 genomic clone AXM (Fig. 2 Right) revealed
a clear-cut gradation of signal proportional to the number of
X chromosomes present in the parent cell line, consistent
with an X-chromosomal location for clone AX1.
Both classes of genomic clones were also characterized by

partial sequence analysis. Class 1, which hybridized strongly
to the human estrogen receptor, contained a region of >200
base pairs (bp) that was identical to the sequence reported for
the human estrogen receptor. Thus, this class of genomic
clone was considered to represent a contaminant of the
original X-chromosome library with chromosome 6, which is
known to contain the gene that encodes the estrogen receptor
(19). Sequence analysis ofthe second class ofpositive clones,
represented by clone AX1, revealed a structure that was
unique but highly related to the human progesterone and
glucocorticoid receptors, leading us to focus our subsequent
work on this class of positive clones.
We then screened the prostate cDNA library with a 1.4-kb

restriction fragment derived from genomic clone AX1. This
identified four positive clones, as shown in Fig. 1, ranging in
size from 1.4 to 3.1 kb. To ensure the isolation of a cDNA
clone encoding the entire open reading frame of the receptor,
a primer-extended library was constructed from the same
prostate mRNA as the original library. Screening this library
with restriction fragments derived from cDNA clone Al
(shown in Fig. 1) resulted in the identification of four
additional clones. The clones isolated from the primer-
extended library had identical structures to that of Al,
indicating that only a single class of 5' terminus existed.
Clone J8 was 150 bp longer than Al at its 5' end.
The nucleotide and predicted amino acid sequences of the

human androgen receptor, as derived from analysis ofcDNA
clones Al and J8, are shown in Fig. 3. The cDNA contains
a single large open reading frame beginning at nucleotide 163
and extending to nucleotide 2913. The open reading frame
predicts a protein of 917 amino acids and a molecular weight
of 98,918. The entire open reading frame is contained within
clone Al. We believe the ATG located at position 163 to be
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FIG. 1. Map of the androgen receptor cDNA clones. Restriction
map of cDNA clones isolated from the oligo(dT)-primed (A series)
and primer-extended (J series) cDNA libraries. R, EcoRI; S, Sma I;
K, Kpn I; H, HindIII. Thick line, coding region; central thin bar
containing the HindIII restriction site is the DNA-binding domain.
Regions 1 and 2 were used to screen the primer-extended library.
(Bar = 200 bp.)

FIG. 2. Genomic clone AX1 is located on the human X chromo-
some. DNA (10 ,ug) from lymphoblastoid cell lines containing
variable numbers of X chromosomes were digested with EcoRI,
electrophoresed on a 0.8% agarose gel, and transferred to nitrocel-
lulose. Lanes: 1, 46,XY; 2, 46,XX; 3, 49,XXXXY; 4, unlabeled
molecular mass markers; Sand 6, 49XXXXX. (Left) Blot probed with
genomic clone FXEO.7 (class 1). (Right) Identical blot probed with
genomic clone AX1 (class 2).
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TTTTTGCGTGGTTGCTCCCGAAGTTTCCTTCTCTGGAGCTTCCCGCACGTGGGrCAGCTAGCTGCAGCGACTACCGCATCATCACAGCCTGTTGAACTCTTCTG.AGCAAGAG

AAGGGGAGGCGGGGTAAGGGAAGTAGGTGGAAGATTCAGCCAAGCTCAAGGATGGAAGTGCAGTTAGGGCTGGGAAGGGTCTACCCTCGGCCGCCGTCCAAGACCTACCGA
MetGluValGlnLeuGlyLeuGlyArgValTyrProArgProProSerLysThrTyrArg

GGAGCTTTCCAG2TCTGTTCCAGAGCGTGCGCGAAGTGATCCAGAACCCGGGCCCCAGGCACCCAGAGGCCGCGAGCGCAGCACCTCCCGGCGCCAGTTTGCTGCTGCTG
21 GlyAlaPheGlnA nLeuPheGlnSerValArgGluValIleGlnAsnProGlyProArgHisProGluAlaAlaSerAlaAlaProProGlyAlaSerLeuLouLouLeu
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CAAGCCCATCGTAGAGGCCCCQAQAGGCTACCTGGTCCTGGaTGAGGAACAGCAACCTTCACAGCCGCAGTCGGCCCTGGAGTGCCACCCCGAGAGAGGTTGCGTCCCAGAG 555
95 GlnAlaHilArgArgGlyProThrGlyTyrLruValLeuAlpGluGluGlnGonProSerGlnProGonSerAlaLeuGluCyoHisProGluArgGlyCysValProGlu

CCTCGAGCCCCCGTGGCCGCCAGCAAGGGGCTGCCGCAGCAGCTGCCAGCACCTCCGGACGAGGATGACTCAGCTGCCCCATCCACGTTGTCCCTGCTGGGCCCCACTTTC 666
132 ProGlyAlaAl-ValAlaAl&SorLyaGlyL-uProGlnGlnL uProAlaProProAspGlukspA pS-rAlaAlaProS-rThrL-uS-rL-uLouGlyProThrPhe

CCCGGCTTAAGCAGCTGCTCCGCTGACCTTAAAGACATCCTGAGCGAGGCCAGCACCATGCAACTCCTTCAGCAACAGCAGCAGGAAGCAGTATCCGAAGGCAGCAGCAGC 777
169 ProGlyLeuSerSerCysS-rAlaAspLouLysAspIleLeuS-rGluAlaS-rThrM-tGlnLeuL-uGlnGlnGlnGlnGlnGluAlaValSerGluGlySerSerSer

GGGAGAGCGAGGGAGCGCTCGGGGGCTCCCACTTCCTCCAAGGACAATTACTTAGGGGGCACTTCGACCATTTCTGACAACGCCAAGGAGTTGTGTAAGGCAGTGTCGGTG see
206 GlyArgAlaArgGluArgSerGlyAlaProThrSerSerLysAspAsnTyrLeuGlyGlyThrSerThrIleSerAspAanAlaLyaGluLeuCyaLysAlaValSerVal

TCCATGGGCCTGGGTGTGGAGGCGTTGGAGCATCTGAGTCCACGGGAACAGCTTCGGGGGGATTGCATGTACGCCCCACTTTTGGGAGTTCCACCCGCTGTGCGTCCCACT 999
243 S-rMbtGlyL-uGlyValGluAlaLeuGlu~isL-uSerProGlyGluGlnL-uArgGlyAspCya~btTyrAl&ProL uL-uGlyValProProAlaValArgProThr

CCTTGTGCCCCATTGGCCGAATGCAAAGGTTCTCTGCTAGACGACAGCGCAGGCAAGAGCACTGAAGATACTGCTGAGTATTCCCCTTTCAAGGGAGGTTACACCAAAGGG lllC
280 ProCynAlaProLeuAlaGluCysLyaGlySerLeuLeuAspAspSerAlaGlyLysSerThrGluAnpThrAlaGluTyrSerProPheLysGlyGlyTyrThrLyaGly

CTAGAAGGCGAGAGCCTAGGCTGCTCTGGCAGCGCTGCAGCAGGGAGCTCCGGGACACTTGAACTGCCGTCTACCCTGTCTCTCTACAAGTCCGGAGCACTGGACGAGGCA 1221
317 L-uGluGlyGluS-rL-uGlyCyaS-rGlySorAlaAlaAlaGlySerSorGlyThrLouGluL-uProSerThrLouS-rLouTyrLysS-rGlyAlaLsuAspGluAla

GCTGCGTACCAGAGTCGCGACTACTACAACTTTCCACTGGCTCTGGCCGGACCGCCGCCCCCTCCGCCGCCTCCCCATCCCCACGCTCGCATCAAGCTGGAGAACCCGCTG 1332
354 Al&AlaTyrGlnS-rArgAspTyrTyrAsnPh-ProL uAlaL-uAlaGlyProProProProProProProProHisProHimAlaArgIl-LyaL uGluAsnProL u

GACTACGGCAGCGCCTGGGCGGCTGCGGCGGCGCAGTGCCGCTATGGGGACCTGGCGAGCCTGCATGGCGCGGGTGCAGCGGGACCCGGTTCTGGGTCACCCTCAGCCGCC 1443
391 AapTyrGlySerAlaTrpAlaalaAlaAlaAlaGlnCysArgTyrGlyAspLeuAlaSerLeu~inGlyAlaGlyAlaAlaGlyProGlyS-rGlySorProSerAlaAla

OCTTCCTCATCCTC&;CACACTCTCTTCACQGCCGAAGAAGGCCAGTTGTATGGACCGTGTGGTGGTGGTGGGGGTGGTGGCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGC 1554
428 Al&S-rS-rS-rTrp~iiiThrL-uPh-ThrAlaGluGluGlyGlnL-uTyrGlyProCysGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyGly

GGCGGCGGCGGCGGCGGCGAGGCGGGAGCTGTAGCCCCCTACGGCTACACTCGGCCCCCTCAGGGGCTGGCGGGCCAGGAAAGCGACTTCACCGCACCTGATGTGTGGTAC 1665
465 GlyGlyGlyGlyGlyGlyGluAlaGlyAlaValAlaProTyrGlyTyrThrArgProProGlnGlyL uAlaGlyGlnGluSorAspPheThrAlaProAspValTrp~yr

CCTGGCGGCATGGTGAGCAGAGTGCCCTATCcCAGTCCcAcTTGTGTcAAAAGcGAAATGGGccccTGGaTGGATAGcTAcsccGGAccTTAcGGGGAcATGcGSTTTGGAG 1776
SOQ ProGlyGlyMetValSerArgValProTyrProSerProThrCysValLysSerGluMetGlyProTrp~etAspSerTyrSerGlyProTyrGlyAsp~etArgLeuGlu

ACTGvCCAGGGACCATGTTTTGCCCATTGACTATTACTTTCCACCCCAGAAGACCTGCCTGATCTGTGGAGATGAAGCTTCTGGGTGTCACTATGGAGCTCTCACATGTGGA 1887
539 ThrAl ArgAsp~isV~lL uProIl-AspTyrTyrPh-ProProGlnLysThrCyaL-u~llCysGlyAspGluAlaS-rGlyCysHisTyrGlyAlaLeuThrCysGly

AGCTGChA&QMTTr ;A~baa&AGCCGCTGAAGGGAAACAGAAGTACCTGTGCr-CCAGCAGAAATGATTGCACTATTGATAAATTccCrAAGGAAAAAI~rGTCCATrTTGT 1998
576 SerCy&LyoValPhoPhoLysArgAlaAla~luGlyLysGlnLysTyrLeuCysAlaSerArgAsnAspCyaThrileAspLyaPheArgftrgLysAsnCysProSerCys

CGTCTTCGGAAATGTTATGAAGCAGGGATGACTCTGGGAGCCCGGAAGcTGAAGAAAcTTGGTAATcTGAaAcTAcAGGAGGAAGGAGAGGcTTccAGcACCACCAGCCCC 2109
613 ArgL-uArgLy*CysTyrGluAla&GlyM tThrLouGlyAl&ArgLyaL uLyaLysLouGlyAsnL uLysL uGlnGluGluGlyGluAlaSorS~rThrThrSerPro

ACTGAGGAGACAACCCAGAAGCTGACAGTGTCACACATTGAAGGCTATGAATGTCAGCCCATCTTTCTGAATGTCCTGGAAGCCATTGAGCCAGGTGTAGTGTGTGCTGGA 2220
650 ThrGluGluThrThrGlnLya~ouThrValS-rHis Il1 GluGlyTyrGluCysGlnPro rloPhoe uAsnValLeuGluAla I1eGluProGlyVa lVal1CygAlaGly

QACGACAACAACCQAGCCCGACTCCTTTGCAGCCTTGCTCTCTAGCCTCAATGAACTGGGAGAGAGs QAGCTTGTACACGTC4TCAAGTGGGCCAAGGCCTTGCCTGGCTTC 2331
687 HisAspA nA nGlnProAsp'SorPheAlaAlaL-uL uS-rSerLeu~ksnGluLouGlyGluArgGlnLeuValHinValValLysTrpAlaLysAlaLeuProGlyPhe

CGCAACTTACACGTGGACGACCAGATGGCTGTCQATTCAGTACTCCTGGATGGGGCTCATGGTGTTTGCCATGGGCTGGCGATCCTTCACCAATGTCAACTCCAGGATGCTC 2442
724 ArgA-nL-u~iaValAspAspGlnMbtAI&ValII-GlnTyrS-rTrp~btGlyLeuM*tValPh*AlaMatGlyTrpArgS-rPh-ThrAsnValJLsnS-rArgM-tL u

TACTTCGCCCCTGATCTGGTTTTCAATGAGTACCGCATGCACAAGTCCCGGATGTACA GCCQAGTGTGTCCGAATGAGG QACCTCTCTCAAGAGTTTGGATGGCTCCAAATC 2553
761 TyrPheAlaProAspLeuValPheAnnGluTyrArg~etHisLyeSerArg~etTyrSerGlnCysValArgMetArgHisLeuSerGlnGluPhoGlyTrpLauGlnIle

ACCCCCCAGGAATTCCTGTGCATGAAAGCACTGCTACTCTTCAGCATTATTCCQAGTGGATGGGCTGAAAAATCQA^AAATTCTTTGATGAACTTCGAATGAACTACQATCAAG 2664
798 ThrProGlnGluPh-L-uCy&MetLysAlaL-uL-uL uPb S-rIloIleProValAspGlyL-uLysAanGlnLyaPh-PheAspGluL-uArg~btAnnTyrIl-Lys

GAACTCGATCGTATCATTGCATGCAAAAGAAAAAATCCCACATCCTGCTCAAGACGCTTCTACCAGCTCACCAAGCTCCTGGACTCCGTGCAGCCTATTGCGAGAGAGCTG 2775
835 GluL-uAspArgIl-Il-AlaCyaLysArgLysAsnProThrSerCyaSorArgArgPh*TyrGlnLouThrLyaLouLouAspSerVaIGlnProIl-AlaArgGluLeu

CATCAGTTCACTTTTGACCTGCTAATCAAGTCACACATGGTGAGCGTGGACTTTCCGGAAATGATGGCAGAGATCATCTCTGTGCAAGTGCCCAAGATCCTTTCTGGGAAA 2886
872 HisGlnPh-ThrPheAspLouLeulleLyeSerHis~btValSerValAapPheProGluMetMetAlaGluIlelleSerValGlnValProLyalleLeuS-rGlyLys

GTCAAGCCCATCTATTTCCACACCCAGTGAAGCATTGGAAACCCTATTTCCCCACeccAr.CTCATGCeCCCTTTCArGATGTCTTCTGCCTGTTATAACTCTGCACTACTCC 2997
909 ValLysProI1*TyrPh*HisThrGln

TCTGAGTGCCTTGGGGAATTTCCTCTATTGATGTACAGTCTGTCATGAACATGTTrCCTGAATTC 3061

FIG. 3. Nucleotide and predicted amino acid sequence of the human androgen receptor. The nucleotide sequence is derived from analysis of
androgen receptor clones Al and J8. The complete sequences ofclones Al (residues 119-3061) and J8 (residues 1-1892) are shown. A termination
codon in-frame with the translation initiation site is shown with an asterisk. The sequence corresponding to the oligonucleotide used in the
construction of the primer extended library is underlined. Nucleotides 1558-3061 correspond to the partial cDNA previously reported (5). It is
identical except for the presence in our sequence ofGAA at positions 1849-1851, an A at position 2982, and a single C following nucleotide 3001.

the translation initiation site based on the in-frame termina- sequence surrounding this ATG agrees with the consensus
tion codon located at nucleotide 58 and the fact that the sequence described by Kozac (20).

CA=AGCA=AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAAGAGACTAGCCCCAGGCAGCAGCAGCAGCAGCAGGGTGAGGATGGTTCTCCC
GinGlnGInGlnGlnGlnGInGInGInGlnGlnGInGlnGlnGlnGlnGlnGlnGlnGInGluThrS*rProArgGInGInGlnGlnGInGlnGlyGluAspGlyS*rPro
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The protein predicted to be encoded by the full-length
androgen receptor cDNA has structural similarities to pre-
viously described steroid receptor sequences. Two regions
show a high degree ofrelatedness to corresponding regions of
the human progesterone, glucocorticoid, and mineralocor-
ticoid receptors. First, the region of the cysteine-rich DNA-
binding domain (amino acids 557-622) showed 85%, 79%,
and 80% conservation ofamino acid residues as compared to
analogous domains of the progesterone, glucocorticoid, and
mineralocorticoid receptors, respectively. The steroid-bind-
ing domain (amino acids 669-917) of the human androgen
receptor exhibited 54%, 50%, and 51% amino acid identities
with the corresponding domains of the progesterone, gluco-
corticoid, and mineralocorticoid receptors. In contrast, a
lesser degree of amino acid conservation was observed in
these domains for other members of the steroid and thyroid
hormone receptor family. For example, the DNA- and
steroid-binding domains of the human estrogen receptor
exhibited 59% and 23% identities when compared to the
corresponding regions of the human androgen receptor.

Fig. 4 shows an analysis of [3H]dihydrotestosterone bind-
ing in cytosol fractions derived from COS-1 cells transiently
transfected with the full-length androgen receptor cDNA
(Al) subcloned in the expression vector CMV3. The specific
binding reaches saturation levels with free dihydrotestoster-
one concentrations in the range 2-5 nM. Scatchard analysis
of the binding data indicates an apparent dissociation con-
stant (Kd) of =0.5 nM. The number of specific [3H]dihydro-
testosterone binding sites was 357 fmol per mg of cytosol
protein. Cytosol from control (nontransfected) COS-1 cells
showed no detectable specific binding of [3H]dihydrotestos-
terone. Competition with different unlabeled steroids for the
binding of 3 nM [3H]dihydrotestosterone to cytosol derived
from transfected cells (Fig. 5) revealed that the order of
competitor effectiveness was methyltrienolone > dihydro-
testosterone > testosterone > estradiol = progesterone >
trimacinolone acetonide. Similar affinities and specificities
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FIG. 4. COS-1 cells transfected with the human androgen recep-
tor express high-affinity saturable dihydrotestosterone binding. Ali-
quots (0.2 ml containing 0.3 mg of protein) of cytosol from COS-1
cells transfected with the androgen receptor cDNA (Al) were
incubated with increasing concentrations of [3H]dihydrotestosterone
in the absence or presence of unlabeled dihydrotestosterone. Spe-
cific binding (A), total binding (o), and nonspecific binding (o) are
shown. Mock-transfected COS-1 cells showed no detectable specific
androgen binding. (Inset) Scatchard plot of the specific binding data.
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FIG. 5. Competition analysis of COS-1 cells transfected with the
human androgen receptor. Aliquots of COS-1 cell cytosol (0.2 ml
containing 0.3 mg of protein) were incubated for 5 hr at 4°C with 3
nM [3H]dihydrotestosterone in the presence of various concentra-
tions of unlabeled competitor steroid; methyltrienolone (o), dihy-
drotestosterone (o), testosterone (U), estradiol (A), progesterone (A),
and triamcinolone acetonide (o).

for dihydrotestosterone binding to the expressed cDNA were
observed in monolayer cultures. Finally, the sedimentation
coefficient of the androgen receptor expressed in COS-1 cells
as determined by density-gradient analysis oflow salt cytosol
extracts revealed a single peak of radioactivity with an
approximate sedimentation coefficient of 8.3S (data not
shown).

DISCUSSION
We have isolated and characterized cDNA clones that
encode the complete human androgen receptor. Three groups
of investigators have reported the isolation of cDNAs en-
coding a portion of the human androgen receptor (3-5). Only
one of these groups reported the nucleotide sequence of their
partial cDNA (5). The sequence reported here is identical to
that sequence previously reported with three minor differ-
ences (noted in Fig. 3).
The predicted amino acid sequence of the human androgen

receptor shares structural similarities to members of the
steroid hormone receptor family already described (7-12). In
particular, the androgen receptor possesses a high degree of
sequence conservation in the portion that corresponds to the
cysteine-rich DNA-binding domain of other steroid hormone
receptors. Less striking conservation is found in the carboxyl-
terminal hormone-binding domain. Within these domains, the
androgen receptor is most closely related to the progesterone,
glucocorticoid, and mineralocorticoid receptors.

Other regions of the predicted protein sequence deserve
comment. Three segments of the androgen receptor are
composed of homopolymeric elements. One region (amino
acids 58-77) contains 20 glutamine residues, while a second
element (amino acids 448-470) is composed of 23 glycine
residues. A third smaller region (amino acids 371-378) is
composed of 8 proline residues. Although the function of
these residues is not known, all three homopolymeric regions
are in the amino-terminal segment of the molecule, which is
the region that is least conserved among the steroid receptors
and that is thought to be involved in the modulation of
transcriptional activity (1). Interestingly, while the rat (21)
and mouse (22) glucocorticoid receptors and the chicken
progesterone receptor (23) contain regions of repeated glu-
tamine or glutamic acid residues, such polymeric segments

Proc. Natl. Acad Sci. USA 86 (1989)
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are absent from the other steroid hormone receptors de-
scribed to date. Similar homopolymeric regions containing
glycine or glutamine residues were identified by computer
analysis within the protein sequences of the Notch protein of
Drosophila, human type II cytoskeletal keratin, and human
procollagen a, (III)-chain precursor. We presume that these
similarities represent common structural features of these
molecules.
The introduction of the androgen receptor cDNA into

COS-1 cells results in the expression of high levels of specific
androgen binding. The affinity and specificity ofthe androgen
receptor detected in these transfected cells are characteristic
of those described for the human androgen receptor (24, 25).
The sedimentation coefficient of the transfected receptor in
low salt sucrose gradients was 8.3S, which is also consistent
with that reported for the native human androgen receptor
(24). Thus, the androgen receptor cDNA described here
encodes a protein that possesses characteristics expected of
the native human androgen receptor when expressed in
heterologous cells.
A number of quantitative and qualitative defects in the

androgen receptor leading to androgen resistance have been
described in humans (26). Affected individuals have pheno-
types ranging from that of women with primary amenorrhea
to that of otherwise normal but infertile men, depending on
the degree of impairment of receptor function. The availabil-
ity of a complete cDNA encoding the human androgen
receptor should allow elucidation of the molecular mecha-
nisms of androgen action and, in particular, characterization
of the mutations leading to androgen resistance.

Note Added in Proof. The sequence for the human androgen receptor
cDNA reported by Chang et al. (27) after the submission ofthis paper
is similar to that reported here except that they observed a G at
position 48, an A at position 1579, an additional C residue following
nucleotides 20 and 3001, and the dinucleotide GC at positions 793 and
794. In addition, the sequence reported here encodes 20 glutamine
and 23 glycine residues in the homopolymeric regions, while that
reported by Chang et al. encodes 17 and 27, respectively. Finally, the
sequence of our cDNA following nucleotide 3044 diverges from that
reported by Chang et al. but agrees with that reported by Trapman
et al. (5).
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