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Abstract. Androgen effects mediated by the androgen
receptor (AR) are essential for male reproductive devel-
opment and virilization. Comparison of AR DNA coding
sequence from five primate species,Homo sapiens(hu-
man),Pan troglodytes(chimpanzee),Papio hamadryas
(baboon),Macaca fascicularis(macaque), andEulemur
fulvus collaris (collared brown lemur), supports their
phylogeny with complete conservation of the DNA and
steroid binding domain protein sequence. A linear in-
crease in trinucleotide repeat expansion of homologous
CAG and GGC sequences occurs in the NH2-terminal
transcriptional activation region and is proportional to
the time of species divergence. A serine phosphate/
glutamine repeat interaction is observed where increas-
ing CAG repeat length is associated with an increased
rate of serine 94 phosphorylation. Disparity in the cal-
culated and apparent molecular weight with CAG repeat
expansion of an AR NH2-terminal fragment suggests
self-aggregation with increasing glutamine repeat length
into the pathological range. These results suggest that a
CAG/glutamine repeat expanded during divergence of
the higher primate species, which may have a direct ef-
fect on AR structure and support a common pathway in
CAG trigenic diseases in the pathophysiology of neuro-
degeneration observed in X-linked spinal bulbar and
muscular atrophy.
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Introduction

The human androgen receptor (AR) is a transcriptional
regulatory protein that is activated by androgen binding
and is required for the development of male secondary
sex characteristics. The AR is a member of a family of
nuclear proteins of which the steroid receptors are a sub-
group. In addition to its DNA and steroid binding do-
mains, the AR has an NH2-terminal region required for
transcriptional activation (Simental et al. 1991) where
the amino acid sequence diverges most markedly from
that of other steroid receptors. Within the first exon of
the AR gene that codes for the NH2-terminal region are
several trinucleotide repeat sequences of unknown func-
tion. A glutamine repeat beginning at codon 58 in human
AR is polymorphic in the human population, with an
average repeat length of 22 ± 2 residues (Edwards et al.
1992). Its expansion beyond 40 repeats is associated with
spinal/bulbar muscular atrophy or Kennedy’s disease (La
Spada et al. 1991), while shorter CAG repeat lengths
were found to correlate with increased risk of aggressive
prostate cancer (Giovannucci et al. 1997; Hakimi et al.
1997; Irvine et al. 1995). We performed sequence analy-
sis of the AR DNA in several primate species to deter-
mine critically conserved regions and to investigate the
evolution and functional consequences of polymorphic
variation within the AR. We examined the effect of vary-
ing glutamine repeat lengths on AR mobility in sodium
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dodecyl sulfate (SDS) gels and receptor phosphorylation
to investigate possible consequences of CAG expansion
on AR protein structure and function.

Materials and Methods

DNA Sequence Analysis.DNA was extracted (John et al. 1991) from
peripheral white blood cells from three female chimpanzees (animal
407, 155, and 116),Pan troglodytes;six wild-caught macaques,Ma-
caca fascicularis;six unrelated male baboons,Papio hamadryas;and
five male lemurs of the following subspecies—Lemur catta(6268;
ring-tailed lemur),Eulemur fulvus collaris(6225; collared brown le-
mur), Eulemur fulvus sanfordi(6391; Sanford’s brown lemur),Eule-
mur macaco macaco(6274; black lemur), andVarecia variegata rubra
(6310; red ruffed lemur). Blood collections were performed using pro-
cedures approved by the participating institutions. Exon 1 was ampli-
fied using internal exon primers (Lubahn et al. 1989) and subcloned in
pGEM-T (Promega) (Choong et al. 1996b). Flanking intron primers
were used to amplify exons B–H for direct sequencing of PCR prod-
ucts. Analysis of lemur DNA required minor modification. Exons D
and H were analyzed as described above using intronic human primers
(Lubahn et al. 1989). Exons B, C, and E–G could not be amplified by
this method, most likely because of the differing flanking intron se-
quence in lemurs compared with other primates. Total RNA was re-
verse transcribed using the AMV Reverse Transcription System (Pro-
mega) according to the manufacturer’s instructions and oligo-(dT)
primers. cDNA was amplified in a standard PCR reaction (Choong et
al. 1996b) with the following specific primers: AR-LEM-1790-25-S,
GTAACCCCCTATGGTTACTCTCGGC; and AR H2-29-AS, GGAA-
CATGTTCATGACAGACTGTACATCA. Lemur PCR product was
sequenced with AR-LEM-1790-25-S and AR-6225LEM-2559-23-S:
CAGATGGCAGTCATTCAATATTC. The full AR DNA sequence
was determined from two chimps (407 and 155) and one baboon (Bert
Papham); macaque (4086), and lemur (6225) at the University of North
Carolina at Chapel Hill Automated DNA Sequencing Facility on a
Model 373A DNA Sequencer (Applied Biosystems) using the Taq
DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems).

Data Deposition.Primate AR sequences were submitted to Gen-
bank under the following accession numbers:Pan troglodytes,U94177;
Papio hamadryas,U94176;Macaca fascicularis,U94179; andEule-
mur fulvus collaris,U94178.

Cell Culture and Labeling Studies.[35S]Methionine/cysteine label-
ing of transiently expressed AR was performed (Kemppainen et al.
1992) by incubating monkey kidney COS-1 cells (1.2 × 106/10-cm
dish) with 100mCi of [35S]methionine/cysteine Trans label for 30 min
at 37°C. Cells were washed in phosphate-buffered saline and incubated
in complete medium for 1.7 h at 37°C for isotope dilution. The cells
were also incubated with 150mCi of [32P]orthophosphate for 2 h at
37°C and harvested in RIPA buffer (Kemppainen et al. 1992), and the
AR was immunoprecipitated using antipeptide antibody AR52 and ana-
lyzed on 9 or 12% acrylamide gels containing SDS.

Results

AR Sequence Comparison.Within the AR NH2-
terminal region are polymorphic triplet repeats of un-
known function (Fig. 1A). These include CAG repeats
coding for glutamine and a GGC repeat coding for gly-
cine. Of these, CAG-I is highly polymorphic in the hu-
man population (Edwards et al. 1992), and its expansion

beyond 40 repeats is associated with X-linked spinal/
bulbar muscular atrophy, a neurodegenerative disease in
adult males (La Spada et al. 1991). We found that CAG-I
(human population range, 11–31; mean, 22 ± 2) (Ed-
wards et al. 1992) decreases exponentially (r 4 0.947)
with evolutionary distance from human (Figs. 1B, 2B,
and 3A). The less polymorphic GGC repeat, preceded by
(GGT)3GGG(GGT)2, which together code for 24 con-
secutive glycine residues in human AR, also shortens
inversely and exponentially (r 4 0.974) with evolution-
ary distance from human, undergoing concurrent GGC
and GGG transition to GGT as the GGC repeat expands
(Figs. 1B, 2B and C, and 3B and C). The shorter GGC
repeats in lower primates do not alter AR mRNA expres-
sion (results not shown) as we observed previously for
the CAG-I repeat, where increasing CAG repeat length
decreased AR mRNA expression (Choong et al. 1996a).

Other trinucleotide repeat sequences in the AR coding
region include an eight-residue proline repeat that is con-
served among primates despite nucleotide changes in the
CCG/CCC/CCT iteration (Figs. 1B and 2B and C). In the
rat the proline repeat is interrupted by histidine and
flanked by threonine (Figs. 1B and 2C). A single leucine
codon preceding CAG-I in rat, lemur, macaque, and ba-
boon is expanded to three leucine residues in chimpanzee
and four leucine residues in human (Figs. 1B and 2B).
CAG-II and CAG-III are more stable through species
divergence, although in rat, CAG-II is replaced by a
five-residue arginine (CGG) repeat and CAG-III is ex-
panded to 22 repeats (Figs. 1B and 2B). At a similar
sequence in human AR (residues 112–118), where the rat
glucocorticoid receptor coding sequence has 21 CAG
repeats (Gearing et al., 1993), rat and lemur AR CAG
codons exceed by one the four closely spaced glutamine
residues in the higher primates.

An independently corroborated phylogeny with
known genes from six taxa shows three internal branches
supported by a high level of confidence indicated by
100% bootstrap replication frequencies (Fig. 4). The pat-
tern of evolution for the major repeats mapped onto the
noncontroversial phylogeny shows an increased repeat
number along the branches leading to the primates, es-
pecially the hominids. CAG-I and GGC repeats expand
predominantly after branching of Old World monkeys,
whereas CTG repeat expansion was more recent.

The NH2-terminal 1–53 and 360–429 amino acid resi-
dues in the human AR are completely conserved among
the primates studied. As these regions have not been
found critical for AR transactivation (Zhou et al. 1993),
their high conservation may reflect the complete se-
quence conservation of the steroid binding domain (Fig.
1B), as we demonstrated previously that these NH2-
terminal regions interact with the androgen-bound AR
steroid binding domain during AR dimerization (Langley
et al. 1995). The greatest divergence of amino acid se-
quence occurs in exons A and D, whereas exons G and H
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Fig. 1. AR amino acid sequence comparison among primates and rat.
A Schematic of the AR coding sequence with trinucleotide repeat re-
gions and DNA binding domain (hatched area) indicated in the 919-
amino acid residue human AR.B AR amino acid sequence from human
(Homo sapiens), chimpanzee (Pan troglodytes), baboon (Papio ha-
madryas), long-tail or crab-eating macaque (cynomolgus monkey,Ma-
caca fascicularis), collared brown lemur (Eulemur fulvus collaris), and
Sprague–Dawley white rat. Absence of the single-amino acid code

indicates sequence identity with the human AR except for glutamine
(Q) and glycine (G) repeats, where the same residues are indicated and
dashessignify amino acid omission. Amino acid numbering is indi-
cated for the human (Lubahn et al. 1988) and rat (Tan et al. 1988) AR;
CAG repeats I, II, and III,above the sequence;DNA binding domain
boundaries, byasterisks;ligand binding domain, byarrows; and exon
boundaries, bylowercase letters.



in the steroid binding domain are the most highly con-
served. The only two amino acids unique to the human
AR, asparagine 233 and serine 494, replace serine and
glycine, respectively, in lower primates and rat (Fig. 1B).
Synonymous nucleotide changes in the DNA and steroid
binding domains in the macaque and baboon AR are
conserved in exons C–G (Fig. 2A), whereas the lemur
sequence in this region is intermediate between that of
rat and that of higher primates, supporting its phylogeny
(Fig. 4). Threonine 656 in the human AR hinge region
(exon D) is alanine in baboon and macaque and serine in

lemur and rat (Fig. 1B). These transitions have no mea-
surable effect on AR transcriptional activity (Zhou ZX,
Kemppainen JA, and Wilson EM, unpublished studies).

Structural Effects of CAG-I Repeat Expansion.To de-
termine the effects of the expanding CAG-I expansion on
AR structure, expression vectors coding for the transcrip-
tionally active NH2-terminal and DNA binding domain
fragment AR1-660 (Zhou et al. 1994) were constructed
to contain 0 to 64 CAG-I repeat lengths. The 64 CAG-I
repeat derives from a patient with spinal/bulbar muscular

Fig. 2. Summary of AR nucleotide and amino acid sequence diver-
gence.A AR sequence divergence is indicated by the number of
nucleotide changes by exon, with amino acid boundaries indicated
aboveand domain boundariesbelow.Lemur isEulemur fulvus collaris.
*Sequence changes in exon A exclude trinucleotide repeat expansions
or contractions at CAG-I,-II, and -III and GGC.B AR trinucleotide
repeat lengths of CAG-I, CAG-II, and GGC and amino acid repeat
lengths of CAG-III, leucine, proline, and glycine. The glutamine repeat
length is CAGn + 1 at CAG-I for human, chimp, baboon, and macaque
and at CAG-II for macaque because CAA coding for glutamine follows

CAG-I and precedes CAG-II in these species. The number (n) of un-
related animals assayed for repeat length is indicated at theright or
elsewhere.C AR NH2-terminal proline (Pro) and glycine (Gly) repeat
nucleotide and amino acid sequence in primates and rat. At theleft are
the amino acid residue numbers for the human (Lubahn et al. 1988) and
rat (Tan et al. 1988) AR that begin the repeats. All trinucleotides code
for Pro, except CAC for His and ACC for Thr in the rat AR (left panel);
all sequences code for Gly, except CCA for Pro in the rat AR (right
panel). Sequences are identical within species unless otherwise indi-
cated.

337



atrophy (La Spada et al. 1992) and shorter repeats mimic
those of the nonhuman primates.

Labeling for 0.5 h with [35S]methionine/cysteine re-
sults in double-bands for all CAG-I repeat lengths in
AR1-660 (Fig. 5, lanes 1–10), which is characteristic of
the full-length human AR (Zhou et al. 1995). Spacing
between the double-bands is proportional to CAG-I re-
peat length. Shorter CAG repeats in AR1-660 migrate as
closely spaced bands (Fig. 5A, lanes 1 and 3), whereas
expanding repeats are more divergent (Fig. 5A, lanes 5
and 7). The largest difference in band migration occurs
for CAG 23 (Fig. 5A, lane 7), a predominant AR allele in
the human population, and decreases as the CAG-I repeat
expands to the pathological range associated with spinal/
bulbar muscular atrophy (CAG 64; Fig. 5A, lane 9).

As shown in Fig. 5A (lane 11) and as reported previ-
ously (Zhou et al. 1995), the upper band results from
phosphorylation of serine 94 and is eliminated by
nucleotide conversion coding for alanine. The shift to the
slower-migrating, phosphorylated form is also lost in
D14–83 AR1-660, which deletes the CAG-I repeat re-
gion (Fig. 5A, lane 13). The results indicate that AR
migration on SDS–acrylamide gels is influenced by
CAG repeat length and serine 94 phosphorylation and
raises the possibility of a structural interaction that per-
sists in the presence of SDS.

With subsequent 1.7-h isotope dilution at 37°C after
the 0.5-h labeling period with [35S]methionine/cysteine,
the AR shifts to the slower-migrating, phosphorylated
form (Fig. 5A). From the extent of band shift, phosphor-
ylation occurs more rapidly as the CAG-I repeat ex-
pands. After 1.7 h, approximately 90% of the lower band
shifts to the upper phosphorylated form for CAG 64,
whereas CAG 4 from lemur remains predominantly in
the lower unphosphorylated form, suggesting that the
CAG repeat length alters the rate of serine 94 phosphor-
ylation. This conclusion is supported by the lack of
change in migration during isotope dilution of the serine-
to-alanine mutation and by deletion of the CAG repeat in
D14–83.

To establish whether the difference in band migration
results from the extent of phosphorylation or depends on
glutamine repeat length and serine 94 phosphorylation,

the effect of CAG repeat length was determined on
steady-state levels of AR phosphorylation in an NH2-
terminal 171 residue AR fragment. With increasing CAG
repeat lengths, steady-state phosphorylation measured by
the incorporation of [32P]-orthophosphate is essentially
equivalent for CAG 0, 4, 14, and 23 (Fig. 5B, lanes 2, 4,
6, and 8; lower panel). Reduced phosphorylation is
noted, however for CAG 64 (Fig. 5B, lane 10). This
reduction is not accounted for by reduced expression of
CAG 64 (Fig. 5B, upper panel, lane 10), as there was
nearly equivalent expression by [35S]methionine/cysteine
incorporation (Fig. 5B, upper panel). The DEAE-dextran
transfection method used in these studies results in high
AR expression levels so differences in AR mRNA and
protein expression were not evident with expanding
CAG repeat as reported previously (Choong et al.
1996a). In each case phosphorylation is eliminated by the
serine 94-to-alanine mutation (Fig. 5B, lower panel,
lanes 3, 5, 7, 9, and 11), indicating that phosphorylation
occurs at serine 94. Thus although the rate of serine 94
phosphorylation is increased with increasing CAG-I re-
peat length, steady-state phosphorylation levels decrease
as CAG repeat lengths expand to the pathological range
associated with spinal bulbar muscular atrophy.

An increasing disparity between calculated and appar-
ent molecular weight with CAG-I repeat expansion oc-

Fig. 4. Phylogeny of the AR DNA sequence. Full coding sequences
excluding the trinucleotide repeat regions were compared with maxi-
mum parsimony by phylogenetic analysis using parsimony (PAUP)
(Swofford, 1993). Shown are CAG-I and Gly/GGC repeat lengths rela-
tive to species.

Fig. 3. Graphical representation of AR
major repeat expansions during primate
divergence. Shown on a semilog scale is
the expansion of(A) CAG-I coding for
glutamine,(B) GGC coding for Gly, and
(C) the full Gly repeat, relative to time of
divergence of the major primate species
and rat (Tan et al. 1988).
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curs with a 171-residue AR NH2-terminal fragment. The
calculated molecular weight of 17 kDa for CAG 0 and 4
in AR1-171 is similar to its migration in SDS–
acrylamide gels at 22 kDa (Fig. 5C). The disparity in
calculated and apparent molecular weight increases dra-
matically, however, for CAG 14, 23, and 64 in AR1-171,
where the apparent molecular weight for CAG 64 is
twice the calculated size (23 versus 43 kDa) (Fig. 5B).
This increase in apparent molecular weight of the AR
NH2-terminal fragment is not evident in the 660-amino
acid residue NH2-terminal and DNA binding domain
fragment coded by AR1-660, even though the shift of the
phosphorylated and nonphosphorylated forms in the 171-

residue fragment (Figs. 5B–D) recapitulates that ob-
served for AR1-660 (Fig. 5A). The results suggest that
self-aggregation of the 1–171 NH2-terminal fragment oc-
curs with increasing glutamine repeat length into the
pathological range.

Discussion

Several trinucleotide repeat expansions occur in the AR
during primate evolution. These include an increase from
4 CAG-I repeats coding for glutamine in lemur to 23 in
human and a similar increase from 1 to 18 GGC coding

Fig. 5. Structural change in the AR NH2-terminal domain with CAG
repeat expansion and AR phosphorylation.A AR1-660 expression vec-
tor DNA (10 mg) coding for AR NH2-terminal and DNA binding
domain residues 1–660 and increasing CAG-I repeat lengths from 0 to
64 (lanes 1–10), Ser 94-to-Ala mutation in CAG 23 (lanes 11 and 12),
and deletion of residues 14–83 (deletes the CAG-I repeat; lanes 13 and
14) were expressed in monkey kidney COS-1 cells as described.B
AR1-171 expression vector DNA coding for NH2-terminal residues
1–171 with increasing CAG-I repeats constructed by truncating pC-

MVhAR with AflII were expressed in COS-1 cells. Transfected cells
were incubated with 200mCi [35S]methionine/cysteine Trans-label
(top) or 150 mCi [32P]orthophosphate (bottom) for 2 h at 37°C as
described (Kemppainen et al. 1992) and harvested. Samples were im-
mune precipitated using AR52 antibody and analyzed on 12% acryl-
amide gels containing SDS.C Apparent molecular weight (kDa) of AR
NH2-terminal fragment 1–171 with increasing CAG-I repeat lengths in
the Ser 94 phosphorylated (L) and Ala 94 (s) forms measured in 12%
acrylamide gels containing SDS versus the calculated MW (h).
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for glycine in these species. These and other natural mu-
tations are congruent with the known time of diversifi-
cation among the earliest-evolved primates, the prosim-
ian lemurs 55 million years ago, the branching of Old
World monkeys 37 million years ago, and the evolving
macaque and baboon 15 million years ago and chimpan-
zee 5 million years ago (Collura and Stewart 1995). Pro-
simian lemurs arose during primate evolution from lower
mammals about 64 million years ago (Mittermeier et al.
1995) and have been isolated and protected on the Island
of Madagascar. The comparison of the lemur AR DNA
sequence with those of the rat and the higher primates is
in keeping with their transitional status among evolving
primates. Expansion of the CAG-I and GGC trinucleo-
tide repeats during primate evolution indicates that strict
conservation of these coding regions is not essential for
AR function.

Previous studies investigating the effect of CAG re-
peat length on AR transactivation are controversial.
Some observations suggest that increasing CAG repeat
length correlates with reduced AR function (Chamber-
lain et al. 1994; Mhatre et al. 1993), however, we
(Choong et al. 1996a) and others (Neuschmid-Kaspar et
al. 1996) observed no direct effect of CAG expansion on
AR transactivation compared with wild-type AR. Jenster
et al. (1994) noted that the increased functional activity
of an AR mutant containing a deletion of CAG-I com-
pared to wild-type AR was reporter specific. Our previ-
ous studies demonstrating increased AR mRNA and pro-
tein expression with decreasing CAG repeat length
(Choong et al. 1996a) raised the possibility that higher
AR expression in nonhuman primates with shorter
CAG-I repeats may confer these species with a repro-
ductive or survival advantage. Correlation between CAG
repeat length and increased spacing between the doublet
bands has been reported previously by others (Jenster et
al. 1994). Results from the present report support these
findings and indicate that the double-band migration of
the full-length AR in SDS gels depends on both serine 94
phosphorylation and the expanded glutamine repeat.

In some studies of human prostate cancer, shorter
CAG-I repeats correlate with more aggressive disease
(Giovannucci et al. 1997; Irvine et al. 1995; Hakimi et al.
1997). Association of the AR with other transcription
factors such as the protooncogene c-Jun (Bubulya et al.
1996), members of the Ets-related family (Bubulya et al.
1996; Schneikert et al. 1996; Zhang et al. 1997), and the
NF-K B proteins (Palvimo et al. 1996) suggests a com-
plex mechanism for AR activation of specific genes. No-
tably the interaction between the AR and the latter two
proteins involves the NH2-terminal region of the AR and
results in repression of gene expression. The functional
effect of the serine phosphate–glutamine repeat interac-
tion remains to be elucidated. It is possible that altered
AR conformation and phosphorylation influence the ex-

pression of these and other protooncogenes and contrib-
ute to carcinogenesis.

Expansion of CAG-I within the AR gene is thought to
be the causative mutation for X-linked spinal and bulbar
muscular atrophy. Our results regarding the altered mi-
gration of AR NH2-terminal fragments with varying glu-
tamine repeat lengths are the first to suggest abnormal
aggregation of AR fragments containing expanded CAG
repeats. Recent reports investigating the pathological
mechanism for neurodegeneration in other trigenic dis-
eases associated with CAG expansion support our results
and indicate that SDS fails to disrupt the protein confor-
mation engendered by the CAG repeat. Ikeda et al.
(1996), using a truncated 123-amino acid Machado–
Joseph disease protein containing 79 glutamines, noted
higher protein migration than the calculated molecular
weight, which persisted following boiling in the presence
of SDS. Scherzinger et al. (1997) reported that purified
glutathione-S-transferase–huntingtin fusion proteins with
increasing polyglutamine lengths form high molecular
weight insoluble protein aggregates in SDS when the
protein contains a polyglutamine expansion in the patho-
logical range between 35 and 40 repeats. Electron mi-
crographs revealed fibrillar structures reminiscent ofb-
amyloid fibrils in Alzheimer’s disease which resemble
intranuclear inclusion bodies detected in symptomatic
mice transgenic for the Huntington’s disease mutation
(Davies et al. 1997). Recombinant huntingtin fusion pro-
teins migrated at a size corresponding to the calculated
molecular weight in SDS–acrylamide gels, but removal
of the glutathione-S-transferase tag resulted in two pro-
tein products, at 37 and 60 kDa. These findings resemble
the results of our experiments using AR1-660 and AR1-
171, where the latter fragment migrated with a higher
apparent molecular weight as the glutamine repeat ex-
panded, whereas the same phenomenon was not ob-
served with the larger AR fragment. We and others have
observed that the SDS gel mass of the full-length AR
containing expanded CAG-I repeats is close to the cal-
culated mass (Choong et al. 1996a; Jenster et al. 1994).
It is conceivable that protein aggregation occurs after AR
proteolysis to smaller fragments encompassing an ex-
panded CAG-I repeat and that this aggregation contrib-
utes to loss of neuronal cell function. A pathophysiologi-
cal mechanism such as this is consistent with the
observation that the full-length AR with a CAG-I repeat
sequence expanded into the pathological range has func-
tional activity similar to that of the wild-type AR and
supports normal male sexual development and function
until adulthood.

A recent report by Ordway et al. (1997) of late-onset
neurological disease associated with neuronal intra-
nuclear inclusions in transgenic mice expressing a mu-
tant hypoxanthine phosphoribosyltransferase protein
containing an expanded CAG repeat of 146 residues en-
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coded with exon 3 suggests that the neurotoxicity of the
polyglutamine repeat may relate to its presence in
smaller or truncated proteins. Together, these results sup-
port a common pathogenic mechanism for neurodegen-
eration due to CAG triplet repeat diseases.

Perutz et al. (1994) suggested that glutamine repeats
function as polar zippers that join DNA-bound transcrip-
tion factors and that disease results from increased non-
specific interactions or from gradual precipitation of af-
fected proteins in neurons. Enhanced protein aggregation
with an expanded polyglutamine tract due to transgluta-
minase cross-linking was also proposed as a mechanism
for cellular toxicity (Green, 1993). Accumulation over
time of toxic products or sequestration of critical proteins
from sites of normal function may account for the rela-
tionship between glutamine repeat length and age at on-
set of the neurodegenerative phenotype.

Short reiterated microsatellite sequences of one to five
nucleotides tend to lengthen in humans relative to other
primates, suggesting that microsatellite evolution is di-
rectional (Rubinsztein et al. 1995a) and may result from
a mutational bias toward longer repeats. In nonhuman
primates CAG iteration is shorter in the AR and other
genes associated with human neurodegenerative diseases
(Djian et al. 1996; Rubinsztein et al. 1995b). Although
no universal model accounts for expanding trinucleotide
repeats during mammalian evolution, the older age at
reproduction in human males compared to nonhuman
primates or the larger pool of heterozygote alleles asso-
ciated with a diverse population could contribute to the
higher mutation rates (Rubinsztein et al. 1995a). Natural
selection tends to eliminate harmful mutations and main-
tain advantageous ones, yet silent mutations with no
adaptive advantage can become fixed in a genome and
reflect the time of divergence of a species (Ayala 1995).
In light of our results, we propose that evolutionary ex-
pansion of the AR CAG-I repeat sequence could become
detrimental if expansion continues into the range associ-
ated with androgen insensitivity and neurodegeneration.
The deleterious effects on reduced AR expression and
gain-of-function defects involving peptide aggregation
would be expected to impair human fertility and thus
should arrest the expansion through natural selection.
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