ErbB2 that bind the PTB domain in vitro
are autophosphorylation sites in vivo and
are involved in ErbB2-mediated transfor-
mation (11-13, 23).

Our data indicate that PTB domains
recognize tyrosine-phosphorylated targets
through a different mechanism than do
SH2 domains. PTB domains bind to phos-
photyrosine within a motif containing an
essential asparagine NH,-terminal to the
phosphotyrosine, whereas SH2 domains
recognize residues COOH-terminal to the
phosphotyrosine (3, 5, 6, 19-22). The SH2
and PTB domains of Shc do not recognize
the same sequence motifs or phosphorylated
proteins (Fig. 2) (7). Further, the apparent
affinity of the Shc PTB domain for peptide
pY1221-pY1222 is as much as 100 times
greater than that of a typical SH2 domain—
peptide interaction in similar assays (6).
Finally, multiple residues on both sides of
the phosphotyrosine in the PTB domain
binding site contribute to overall affinity.
Thus, unlike SH2 domains, the PTB do-
main may make physical contacts with
many residues in the phosphorylated pep-
tide, or a specific conformation adopted by
the phosphorylated peptide may contribute
to binding. The former possibility is unlike-
ly, given the variability of these residues
outside the N-X;-X,-pY consensus in pep-
tides that bind the PTB domain (Table 1).
N-P-X-Y motifs adopt tight reverse-turn
conformations which are dependent on the
asparagine and tyrosine residues for struc-
tural stability and which are important for
the function of these motifs as internaliza-
tion signals (24, 25). The asparagine and
tyrosine side chains are closely juxtaposed
in these structures. Thus, PTB domain
binding to tyrosine-phosphorylated targets
appears to require the motif N-X;-X,-pY
within a specific secondary structure and to
provide a mechanism for regulated protein-
protein interactions during signaling by
growth factors and oncogenes.

REFERENCES AND NOTES

. |. Sadowski, J. C. Stone, T. Pawson, Mol. Cell. Biol.
6, 4396 (1986).

. T. Pawson and G. D. Gish, Cell 71, 359 (1992).

. S.Zhou et al., ibid. 72, 767 (1993).

. L. C. Cantley et al., ibid. 64, 281 (1991).

. G. Waksman, S. E. Shoelson, N. Pant, D. Cowburn,
J. Kuriyan, Cell 72, 779 (1993).

. J. A. Escobedo, D. R. Kaplan, W. M. Kavanaugh, C.
W. Turck, L. T. Williams, Mol. Cell. Biol. 11, 1125
(1991).

7. W. M. Kavanaugh and L. T. Wiliams, Science 266,

1862 (1994).

8. J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular
Cloning, A Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, ed. 2, 1989).

9. Sf9 cells expressing residues 526 to 1067 of the

mouse PDGF receptor cytoplasmic domain encod-

ed in a recombinant baculovirus were prepared and

lysed as described (7). [M. D. Summers, and G. E.

Smith, A Manual of Methods for Baculovirus Vectors

and Insect Cell Culture Procedures (Texas Agricul-

tural Station, College Station, TX, 1987)]. Plagues

O WN —

o

(1.1 X 108) of an oligo(dT)-primed Balb/c 3T3 fibro-
blast cDNA X gt11 library were plated and transferred
to isopropyl-B-D-thiogalactopyranoside (IPTG)-im-
pregnated polyvinylidene difluoride (PVDF) filters us-
ing standard techniques (8). The filters were incubat-
ed in TBSTM [20 mM tris-HCI (pH 7.4), 137 mM
NaCl, 10 mM MgCl, and 0.1% Triton X-100] contain-
ing bovine serum albumin (5%) and then incubated in
TBSTM containing one-fifth volume of lysate from
cells expressing the PDGF receptor cytoplasmic do-
main, 250 uM adenosine triphosphate, and 1 mM
sodium orthovanadate at room temperature for 30
min. The filters were washed and incubated with
32P-labeled GST-PTB domain fusion protein as de-
scribed (7).

10. W. M. Kavanaugh, C. W. Turck, L. T. Williams, un-
published observations.

11. R. Hazan et al., Cell Growth Differ. 1, 3 (1990).

12. O. Segatto, F. Lonardo, J. H. Pierce, D. P. Bottaro,
P. P. Di Fiore, New Biol. 2, 187 (1990).

13. T. Akiyama et al., Mol. Cell. Biol. 11, 833 (1991).

14. O. Segatto et al., Oncogene 8, 2105 (1993).

15. K. S. Campbell et al., Proc. Natl. Acad. Sci. U.S.A.
91, 6344 (1994).

16. A. Obermeier et al., J. Biol. Chem. 268, 22963

(1993).

17. S. A. Prigent and W. J. Gullick, EMBO J. 13, 2831
(1994).

18. Y. Okabayashi et al., J. Biol. Chem. 269, 18674
(1994).

19. Z. Songyang et al., Mol. Cell. Biol. 14, 2777 (1994).

20. S.Kombluth, S. H. Cheng, W. Markland, Y. Fukui, H.
Hanafusa, J. Virol. 64, 1584 (1990).

21. K. B. Bibbins, H. Boeuf, H. E. Varmus, Mol. Cell. Biol.
13, 7278 (1993).

22. R. Nishimura et al., ibid., p. 6889..

23. R. Ben-Levy, H. F. Paterson, C. J. Marshall, Y.
Yarden, EMBO J. 13, 3302 (1994).

24, A. Bansal and L. M. Gierasch, Cell 67, 1195 (1991).

25. J. F. Collawn et al., ibid. 63, 1061 (1990).

26. Influenza hemagluttinin-tagged GST fusion pro-
teins were expressed from recombinant baculovi-
rus in Sf9 cells (7). Sf9 cells or confluent SKBR3
cells were lysed in 2% hybridization buffer (7) con-
taining protease inhibitors and 1 mM sodium or-
thovanadate. Approximately 100 ng of GST-PTB
domain was incubated with 1 g of total SKBR3
lysate protein in 1X hybridization buffer for 30 min
at 4°C. Proteins were immunoprecipitated with
12CA5 (2 pg) and protein A-Sepharose, and the
sedimented material was washed three to five
times before immunoblot analysis with antibodies
to c-Neu. The PTB domain was incubated with the
indicated concentrations of peptide for 30 min at
4°C before it was added to the SKBR3 cell lysate.
In experiments involving serine-phosphorylated
peptides, 1 uM okadaic acid and 1 mM EGTA were
included in the buffers. Peptides were synthesized
as described (6) and purified by high-performance
liquid chromatography (HPLC).

27. Peptides were biotinylated during synthesis and
purified by HPLC. GST-PTB domain or GST-Shc
SH2 domain (7) proteins (100 ng) were incubated in
1X hybridization buffer with 500 nM biotinylated
peptide for 1 hour at 4°C, immunoprecipitated as in
Fig. 1, and washed once. The sedimented material
was incubated with 0.25 units of streptavidin—alka-
line phosphatase for 5 min at 4°C. The sedimented
material was washed twice more, incubated for 3
min at room temperature with p-nitrophenol phos-
phate (1 mg/ml)in 100 mM glycine (pH 10.1), 1 mM
ZnCl,, and 1 mM MgCl,, and absorbance at 405
nm was measured.

28. We thank D. Ring for the SKBR3 cells, D. Duong
for technical assistance, and T. Quinn for review
of the manuscript. Supported by NIH grants K11
HL02714 and RO1 HL 32898 and by Chiron
Corporation.

28 December 1994, accepted 21 March 1995

Inducible Gene Expression in Trypanosomes
Mediated by a Prokaryotic Repressor

Elizabeth Wirtz* and Christine Claytonf

An inducible expression system was developed for the protozoan parasite Trypanosoma
brucei. Transgenic trypanosomes expressing the tetracycline repressor of Escherichia coli
exhibited inducer (tetracycline)-dependent expression of chromosomally integrated re-
porter genes under the control of a procyclic acidic repetitive protein (PARP) promoter
bearing a tet operator. Reporter expression could be controlled over a range of four orders
of magnitude in response to tetracycline concentration, a degree of regulation that
exceeds those exhibited by other eukaryotic repression-based systems. The tet repres-
sor—controlled PARP promoter should be a valuable tool for the study of trypanosome
biochemistry, pathogenicity, and cell and molecular biology.

The medical importance of Trypanosoma
brucei and its numerous departures from
higher eukaryotic strategies for genomic
organization and regulation [reviewed in
(1)] have established it as a singular model
system among the lower eukaryotes. The
unorthodox biology of this parasite has
both increased the intrinsic interest of the
group and suggested potential targets for
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chemotherapy. The ability to gain insight
from the evolutionary perspective that
this system offers on higher eukaryotic
biology, or to evaluate candidate drug tar-
gets, depends critically on an ability to
address functional questions about in vivo
roles of specific gene products. Whereas
DNA-mediated stable transformation of
trypanosomatids was accomplished several
years ago (2), the study of genes essential
for parasite growth has remained problem-
atic in the absence of a means to control
gene expression exogenously.

We report the development of an induc-
ible expression system for T. brucei that
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allows precise control of the expression of
introduced genes through a range of four
orders of magnitude. This should greatly
facilitate exploration of key functional
questions by permitting mutational analysis
of essential genes and overexpression of
toxic gene products. In the absence of any
known inducible trypanosome promoter,
the system is based on the import into T.
brucei of the regulatory elements of the
tetracycline resistance operon (3) of Esche-
richia coli. The tetracycline-responsive Tet
repressor ( TetR) has served as the basis for
the establishment of heterologous repres-
sion-based inducible systems in fungal,
plant, and mammalian cells, yielding 10- to
500-fold regulation of transcription by
RNA polymerase II or III (Pol II and Pol
D) (4-9). In T. brucei the TetR mediates
very tight transcriptional control of gene
expression, yielding regulation factors that
exceed 10,000 fold, much higher than those
reported for other repression-based eukary-
otic systems (4—10).

To generate trypanosomes expressing
the Tet repressor, we targeted a copy of the
Tnl0-encoded tetR gene (11) modified for
expression in eukaryotes (9) to the tubulin
locus of T. brucei using construct pHD360
(Fig. 1), a derivative of the targeting expres-
sion vector pHD330 (12). Hygromycin-re-
sistant pHD360 transformants were tested
functionally for repressor expression.

In the higher eukaryotic systems the in-
terference of TetR-operator complexes with
Pol II transcription depends on the appro-
priate positioning of the operator relative to
the basal promoter and transcription initi-
ation site (4—7, 13). We therefore investi-
gated whether the TetR would block tran-
scription initiation when bound very near
the transcription start site of a trypanosome
promoter. We used the well-characterized
promoter of the procyclic acidic repetitive
protein (PARP) genes (14—17), one of the
few trypanosomatid promoters for which
the transcription start site has been mapped
with any degree of precision (17-20). Al-
though the PARP promoter drives expres-
sion of protein-coding genes, it recruits a
polymerase that exhibits a-amanitin resis-
tance characteristic of RNA polymerase 1
(Pol 1) (21, 22). Additional biochemical
(23) and genetic (24) evidence has support-
ed the view that in T. brucei, in which
trans-splicing (25) effectively uncouples Pol
II transcription and mRNA capping (12,
26), transcription of the PARP genes and
the variant surface glycoprotein genes (27)
is mediated by Pol 1.

We placed potential repressor binding
sites within the PARP promoter by insert-
ing single or tandem Tet operator sequences
at a position +2 or -2 relative to the tran-
scription start site (Fig. 2A) (20). Reporter
plasmids in which these operator-bearing
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PARP promoters drove luciferase expres-
sion were then tested by transient transfec-
tion into transgenic trypanosomes stably
expressing the TetR. All operator-bearing

PARP promoters produced luciferase activ-
ities comparable with that of the operator-
less parent reporter, pHD33, in wild-type
trypanosomes but produced only back-

Fig. 1. Construct and tar-
geting strategy used for the

H B N
pHD360 B | Processing signal

stable expression of TetR in derivation:
T. brucei. The plasmid & Actin

pHD360 is shown aligned N Aldolase

above the repetitive ap-tu- | | 1 |
bulin locus (35) of T. brucei. “‘ o H g
The Eco RI-Bam HI frag- T

ment of pUHD14-1 (9) was

subcloned (after filling of the Eco Rl overhang) into the Bam HI-Hind Il sites of the T. brucei tubulin
targeting vector pHD330 (72). pHD360 was linearized at the Not | site within the tubulin targeting segment
and transfected into procyclic forms of AnTat 1.1 with 10 g of DNA per 107 cells per cuvette. Twelve
hours after transfection, hygromycin was added to a final concentration of 50 wg/ml, and the trypano-
somes were serially diluted in microtiter plates with conditioned medium (36). Clones which grew out of
selection were then tested functionally for repressor expression by transient introduction of pHDTop4
(Fig. 2A). Four randomly selected clones all exhibited tight operator-dependent repression (>150-fold) of
luciferase expression. One of these, clone 3, was used for construction of additional cell lines. Southern
(DNA) blot analysis confirmed that in clone 3, two to four copies of pHD360 had integrated at the tubulin
locus. N, Not I; H, Hind Ill; B, Bam HI; Hygro, hygromycin resistance gene.
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Fig. 2. The TetR-operator complexes proximal to the transcription start site block transcription driven by
the PARP promoter. (A) Anatomy of the reporter constructs showing positions of operator insertions
within the PARP promoter region. The cloning sites for the operator sequences were generated in the
wild-type PARP promoter of pHD1 (76) either by insertion of 6 base pairs (bp) at a position — 2 relative to
the start site (20) (shown in bold) to form a Stu | site (pHD33), or by insertion of 3 bp at a position +2
relative to the start site to form a Bgl Il site (pHD31). An operator cassette corresponding to the O2
operator of E. coli (3) was made by annealing a pair of synthetic oligonucleotides (37) and inserting them
into the restriction sites as shown. The inverted repeats comprising the repressor binding sites are over-
or underlined with arrows. SA, splice acceptor site. (B) Results of transient expression assays. TetR-
expressing procyclic forms (clone 3 from cell line 360) or wild-type (wt) AnTat 1.1 parent strain trypano-
somes were transfected (38) with pHD33, Top1, Top3, or Top4 with 107 cells and 5 g of plasmid per
cuvette. Cells were cultured overnight with or without Tc (10 wg/ml), and then lysates were prepared and
luciferase activity was assayed (38). Luciferase activities are given as average relative light units (RLU) per
108 cells from duplicate transfections.
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ground levels of luciferase when transfected
into a TetR-expressing cell line (Fig. 2B).
Expression was fully inducible by tetracy-
cline (Tc). Down-regulation of luciferase in
the cell line containing pHD360 (cell line
360) was clearly due to repression of tran-
scription because it required both the re-
pressor and the operator. Differences in op-
erator position or number did not lead to
large differences in repression or inducibil-
ity. Thus, the TetR reversibly blocked tran-
scription driven by the PARP promoter in
the context of transient expression. We
next explored the feasibility of regulating
chromosomally integrated genes.
Maintenance of regulatability in a chro-
mosomal context requires integration into a
transcriptionally silent region of the ge-
nome. The region upstream of the PARP
promoter has been reported to be quiescent

transcription has been seen (15), and no
transcription has been detected in the in-
tergenic spacer of the ribosomal RNA
(rRNA) locus (28). Constructs bearing a
luciferase gene under the control of the
Te-responsive promoter of pHDTop4 (Fig.
2A) linked to a phleomycin resistance cas-
sette (29) were adapted for targeting into
these loci. One construct, pHD404 (Fig.
3A), was designed for stable integration in
the sense orientation into the upstream re-
gion of a PARP locus. The second, pHD430
(Fig. 3C), was designed for stable integra-
tion in the reverse orientation into the
ribosomal DNA (rDNA) intergenic spacer.
Each construct was linearized at a unique
Not I site and transfected into the TetR-
expressing cell line. Because transcription
of the linked phleomycin resistance gene
was expected to be dependent on transcrip-
tional induction, Tc was included in the

e REPORTS |

selective medium. No phleomycin-resistant
parasites were obtained in the absence of
Tec. After selection, phleomycin was washed
away and the Tc-dependence of luciferase
expression monitored.

The two constructs yielded cell lines
exhibiting quantitatively different regula-
tion. In both cell lines, upon withdrawal of
Tc, the amount of luciferase declined grad-
ually over a few days, possibly because of the
stability of the protein within the trypano-
some microbodies into which it is imported
(30). For the construct integrated in a
PARP locus, luciferase activity declined to
a stable level approximately 1/30 that of the
fully induced state (Fig. 3B). This nonin-
duced basal level of expression approxi-
mates that obtained from a luciferase gene
integrated in the tubulin locus and tran-
scribed by Pol II (31). In the cell lines
containing pHD404, therefore, expression

(19, 22), although a very low level of Pol I
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Operators
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| 5 T

Luciferase activity (RLU per 108 cells)

0 10 20 30
Time (days)

Fig. 3. Long-term regulation of chromosomally integrated reporter genes un-
der the control of the Tc-dependent promoter. (A) The plasmid pHD404 is
shown above the wild-type PARP A locus. The targeting segment of pHD404
(black box) corresponds to the region upstream of the PARP promoter (39),
and the operator-bearing PARP promoter (open box) is derived from pHDTop4
(Fig. 2A) (40). TetR-expressing procyclic forms were transfected with linearized
pHD404 and cloned immediately upon addition of phleomycin (47). The cell line
showing the greatest Tc-dependent regulation of luciferase expression, clone
5D, contained two to four copies of pHD404 integrated in the PARP A locus as
atandem repeat. H, Hind Ill; B, Bam HI; P, Pst I; Phleo, phleomycin resistance
gene; pGem, plasmid vector sequence pGem4 (Promega); a and B are the
endogenous PARP genes. (B) Tc-dependent expression in the PARP locus.
Luciferase activities were determined with 1/10 of the lysate from 2 X 106 cells.
At time zero and after removal of the first sample, phleomycin was withdrawn.
At the times indicated cultures were split and Tc added back or withdrawn. The
shaded bars represent the range of luciferase activity measured from different
cell populations: Pol |, fully induced cells containing pHD430 and pHD360 [see
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(C)and (D)]; and Pol Il, six independent clones containing luciferase integrated in
the tubulin locus [made with pHD421 (37)]. RLU, average relative light units. (C)
Targeting a regulatable luciferase gene to the ribosomal locus spacer. pHD430
is shown aligned above an rRNA locus of T. brucei. It is identical to pHD404
except that the targeting fragment is a segment of the nontranscribed spacer of
the rRNA locus, upstream of the transcription initiation site (black box) (42).
Repressor-expressing trypanosomes were transfected with pHD430 (47). Four
clones selected at random showed greater than 50-fold repression of luciferase
expression after 4 days in the absence of Tc. Clone 3 showed the highest
repression rate and contained two to four tandem copies of the vector integrat-
ed in an rRNA spacer. C, Cla I; S, Stu I. (D) Tc-dependent expression of
luciferase in clone 3 of cell line 430/360. Details as for (B). Symbols: O, original
culture maintained in the presence of Tc; B, population derived from this original
culture by withdrawal of tetracycline at time 0. (- Tc); O, population derived from
this —Tc cutture by addition of Tc at approximately 4 days; A, population derived
from the —Tc culture by addition of Tc at approximately 7 days; @, population
derived from the —Tc culture by addition of Tc at approximately 36 days.
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Fig. 4. Luciferase induction

-
]

kinetics in cell line 430/360
at different Tc concentra-
tions. A culture of clone 3
from cell line 430/360 which
had been continously pas-
saged in the absence of Tc
and phleomycin for over 1
month was divided into sev-
en subcultures. These were
grown overnight. At time
zero, Tc was added at the
indicated  concentrations.
Luciferase activities were
determined at the times indi-

Luciferase activity (RLU per 108 cells)

Te (pg/mi)
—A—0
—e—0.001
——0.005
—e—0.01
—0—0.05

—a— Constitutive

cated with 1/10 of the lysate 0 10

from 2 X 106 cells. The con-
stitutive values refer to a

20 30 40 50
Time (hours)

430/360 clone 3 culture maintained in Tc (5 wg/ml). RLU, average relative light units.

could be modulated only through the range
between Pol II- and Pol I- mediated levels.

Cell lines that contained the pHD430
construct integrated in the reverse orienta-
tion in an rDNA nontranscribed spacer af-
forded a much broader and more useful
range of regulation. Within 4 days luciferase
activity decreased 98% and continued to
decline until it reached instrumental back-
ground (Fig. 3D). Transcriptional induc-
tion, however, was rapid and complete.
Upon addition of a small amount of Tc, as
little as 50 ng/ml, activity was elevated by
more than four orders of magnitude within
6 hours, with full induction by 24 hours
(Fig. 4). Intermediate levels of gene expres-
sion could be obtained by adding less induc-
er (Fig. 4), showing that expression of test
genes can be modulated to achieve a desired
level of expression. These results show that
transcription initiation by the PARP poly-
merase (probably Pol 1) is sensitive to the
binding of the prokaryotic repressor, even
within a chromosomal context.

The differential behavior of reporters in-
tegrated into the PARP and ribosomal loci
could be attributable to differences in the
transcriptional status of the two target sites.
Whereas the rRNA locus spacer appears by
run-on analysis to be transcriptionally silent
(28), low levels of a-amanitin—sensitive
transcription have been detected in the re-
gion flanking the PARP promoter (15),
presumably arising from readthrough from
the Pol II-transcribed microtubule-associat-
ed protein locus situated immediately up-
stream (32). TetR-operator complexes were
incapable of interfering with elongating Pol
Il in the plant system (6, 7, 13).

Preliminary results with transgenic blood-
stream form trypanosomes expressing TetR
indicate that the system is functional in this
medically relevant stage of the parasite. The
current system is limited where expression of
toxic gene products is desired, because the
regulated promoter in the pHD430 construct
is used to drive expression of the selectable
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marker in addition to that of the reporter or
test gene. A second downstream promoter to
drive constitutive expression of the resis-
tance gene will be needed to enable the
establishment of cell lines under noninduc-
ing conditions.

This inducible expression system is a
valuable addition to the current repertoire
of reverse genetic approaches available in
these medically important protozoa. If the
TetR can also be used to control Pol I
transcription from trypanosomatid rRNA
promoters, this technology should readily
transfer to other members of the kinetoplas-
tida. The regulation factor we observe
greatly exceeds those exhibited by other
eukaryotic repression-based systems, being
more reminiscent of prokaryotic regulatory
systems. In eukaryotes, only an activation-
based system has yielded regulation factors
in this range (33). The extent to which this
is a consequence of the class of polymerase
under regulation (Pol I compared with Pol
II or Pol III) is difficult to assess as the
system described here constitutes the only
example of exogenous control of Pol I. Al-
ternatively, it may represent a reflection of
differences between the transcriptional ap-
paratus, chromatin structure, or their inter-
action in higher eukaryotes, and their an-
tecedents in these ancient, early diverging
(34) lower eukaryotes.
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Absence of Polymorphism at the ZFY Locus on
the Human Y Chromosome

Robert L. Dorit,* Hiroshi Akashi, Walter Gilbert

DNA polymorphism in the Y chromosome, examined at a 729-base pair intron located
immediately upstream of the ZFY zinc-finger exon, revealed no sequence variation in a
worldwide sample of 38 human males. This finding cannot be explained by global con-
straint on the intron sequence, because interspecific comparisons with other nonhuman
primates revealed phylogenetically informative sequence changes. The invariance likely
results from either a recent selective sweep, a recent origin for modern Homo sapiens,
recurrent male population bottlenecks, or historically small effective male population
sizes. A coalescence model predicts an expected time to a most recent common ancestral
male lineage of 270,000 years (95 percent confidence limits: 0 to 800,000 years).

The human Y chromosome, nonrecombin-
ing along most of its length and paternally
inherited, should be extremely useful for the
reconstruction of genetic and evolutionary
history. However, relatively little is known
about the patterns of polymorphism between
human Y chromosomes. Polymorphism has
been reported for certain regions of the chro-
mosome; with few exceptions (I, 2) these
reports involve either the use of anonymous
probes of uncharacterized sequence (3) or
represent variable numbers or locations of
Alu or other repetitive elements (4).

Here we report a study of sequence vari-
ation at a well-characterized human Y-
linked locus: a 729-base pair (bp) intron
located between the third exon and the zinc-
finger—encoding fourth exon of the ZFY lo-
cus (5). This gene, located in interval Yp-
1A2, is actively transcribed in males and
appears to be involved in sperm or testes
maturation (6). We carried out a detailed
survey of this region in a worldwide sample
of humans in order to provide a preliminary
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picture of sequence polymorphism on the Y
chromosome. We surveyed 38 individuals,
chosen to represent a cross section -of geo-
graphic origins, and sequenced the entire
intron in all of them (7). In addition, we
sequenced part or all of the 3’'-most zinc-
finger exon in 12 of those individuals, as
well as the homologous intron in three other
nonhuman primates— chimpanzee, gorilla,
and orangutan (8).

Surprisingly, we detected no intraspecific
polymorphism whatsoever, in either the in-
tron or the exon, in our human sample. Such
an absence of variation across the 729-bp
intron in a sample of this size (a total of
~28,000 bp sampled) is unexpected, because
intron sequences appear to be subjected to
few sequence-specific constraints. Selection
at this intron cannot account for the absence
of variation, as interspecific comparisons of
the sequences of this intron in other pri-
mates show that variable sites are distributed
throughout the intron and include at least
21 unambiguous transitions, 14 unambigu-
ous transversions, and 4 insertions or dele-
tions (8). Furthermore, these data suggest
that the absence of recombination in this
region of the Y chromosome does not detect-
ably slow rates of interspecific divergence;
indeed, Y-linked sequences have been shown
to exhibit accelerated rates of evolution (9).
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and GCAGAGCTCAGGCTTTCGGACATGAAT T-
TG (introduced Xho |, Kpn |, and Sac | sites are
underlined); a Not | linker was inserted into the
unique Cla | site.
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Table 1 summarizes the interspecific differ-
ences at this region, which were then used to
construct a parsimony tree of these sequenc-
es (Fig. 1). These Y chromosome sequences
yielded a completely unambiguous shortest-
length tree (Fig. 1) uniting the human and
chimpanzee sequences on the basis of two
synapomorphic changes (10).

The interspecific data predict a level of Y
chromosome polymorphism in Homo sapiens,
assuming clock-like behavior of these se-
quences. The divergences listed in Table 1
correspond to an approximate mean muta-
tion fixation rate of 0.135% per million years
(My) of elapsed time along a single branch
for this intron (11). Given the total human
intron sequence examined in this study
(28,000 bp), we would expect 19.5 segregat-
ing sites if human lineages were to trace back
500,000 years on average. If the origin of
modern Homo sapiens is more recent (on the
order of 150,000 years), the expectation for
segregating sites declines to 5.5.

There are three general classes of expla-
nation for the lack of variation of a chromo-
somal region: purifying selection, chance ab-
sence of segregating sites, or recent common
ancestry. The interspecific comparisons
mentioned previously rule out a selectively
mediated global conservation of the intron
sequence. Could the sampling variation in
the distribution of polymorphic sites among
individuals produce the observed monomor-

Table 1. Absolute (below diagonal) and mean
(above diagonal) interspecific distances for the fi-
nal ZFY intron, averaged over all possible states.
Distances calculated according to the Kimura
two-parameter model (78) are listed in parenthe-
ses. Mean sequence length compared = 729 bp.

Human  Chimp  Gorilla  Orang

Human 0.007  0.014  0.041
(0.007) (0.013) (0.042)

Chimp 5 0.015  0.043
(0.015)  (0.043)
Gorilla 10 ihl 0.044
(0.046)
Orang 30 31 32
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