o

some cores contained equal amounts of the four
core histones (Fig. 1A). We prepared cellular
H1-depleted nucleosome cores by solubilizing
nucleosomes from cellular chromatin by micro-
coccal nuclease digestion followed by gel filtra-
tion chromatography in the presence of 0.6 M
NaCl. Gradient-purified nucleosome cores recon-
stituted by salt dialysis also resemble cellular
nucleosome cores with regard to nuclease diges-
tions. Digestion of the 150-bp PCR fragment nu-
cleosomes, which were labeled throughout during
amplification, with DNase | showed a 10-bp lad-
der between cutting sites. DNase | digestion of
end-labeled restriction fragments (which con-
tained the same sequences) after similar recon-
stitution into nucleosome cores showed a strong
10-bp digestion pattern not apparent on naked
DNA, which demonstrates rotational phasing of
the DNA on the histone octamer surface (H. Chen
and J. L. Workman, unpublished data). The PCR
fragments used (150 bp) were close to nucleo-
some core length (146 bp), which made micro-
coccal nuclease digestion analysis of these nu-
cleosome cores difficult. However, nucleosome
cores reconstituted with 180-bp PCR fragments
(from the same plasmid but extended 15 bp on
each end) showed a digestion intermediate with
micrococcal nuclease of approximately 146 bp
(19). Thus, the reconstituted nucleosomes resem-
ble cellular nucleosome cores by several criteria.

12. GAL4 derivatives were purified according to Chas-
man et al. (15). For the binding reactions shown in
Fig. 1B, nucleosome cores that contained approxi-
mately 0.3 pmol of DNA (with five GAL4 sites) or the
unreconstituted PCR fragment (diluted in the appro-
priate mixture of the sucrose gradient solutions) in 5
wl was mixed with the indicated amounts of GAL4-
AH, which were in 3 ul of BC100 buffer [20%
glycerol, 100 mM KCl, 20 mM Hepes (pH 7.9), and
0.2 mM EDTA] with BSA (1 mg/ml), 10 mM 2-mer-
captoethanol, and 10 uM ZnCl,, (8). Reactions (8 pl
total volume) were incubated for 30 min at 30°C and
then analyzed on 4% acrylamide (29:1, acryla-
mide:bis), 0.5x TBE [45 mM tris-borate (pH 8.0) and
1 mM EDTA] gels.

13. For the two-dimensional gels to analyze protein
composition (Figs. 1C and 2C), 200 wl of recon-
stituted nucleosome cores (12 pmol) were incu-
bated for 30 min at 30°C with 180 pmol of GAL4-
AH (added as undiluted protein in 3 wl). In the
experiment shown in Fig. 2C, 40 pg of nonspecific
plasmid DNA was added followed by an addition-
al 30-min incubation at 30°C. After the binding
and competition reactions, the samples were sep-
arated on native acrylamide gels (4%) as de-
scribed above. The full-length lanes that con-
tained the samples were cut out of the gel and
placed over a short stacking gel (3 cm) above a
SDS-polyacrylamide separating gel (15%). Low
molecular weight markers (Bio-Rad) were loaded
in a marker lane placed directly against the bot-
tom of the native gel slices. The gels were elec-
trophoresed until the bromphenol blue dye (Sig-
ma) ran off the bottom. After electrophoresis, the
stacking gels were cut off, and the separating
gels were stained with silver [W. Wray, T. Bouli-
kas, V. P. Wray, R. Hancock, Anal. Biochem. 118,
197 (1981)] with the following modifications. The
gels were stained in solution C for 30 min and
developed until the entire gel became very dark to
ensure staining and development of protein in the
center of the gels. The gels were cleared (de-
stained) in Kodak Rapid Fix (undiluted) until the
background staining was completely removed,
allowing visualization of the stained proteins.

14. The experiments shown in Fig. 2, A and B, and in
Fig. 3, A and-B, were similar to that in lane 8 of Fig.
1B. However, after the binding reactions the indi-
cated amounts of nonspecific competitor DNA or
buffer [10 mM tris and 1 mM EDTA (pH 8.0)] were
added in a volume of 3 wl. After an additional
30-min incubation at 30°C, the samples were
analyzed on acrylamide gels (4%) as described
above. The nonspecific plasmid DNA was
pNOTM, a plasmid bearing the SV40 replication
origin, the major-late promoter of adenovirus, and
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the tetracycline resistance gene of pBR322 in
pUC13. Other nonspecific plasmid DNAs func-
tioned identically. Mobility-shift gels were dried
and exposed to film at —80°C. Dried gels were
also counted on a Betascope blot analyzer (Be-
tagen) followed by quantitation of the bands.
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Identification of a Second Pseudoautosomal
Region Near the Xq and Yq Telomeres

Diha Freije, Cynthia Helms, Michael S. Watson,
Helen Donis-Keller*

The telomeres of Xq and Yq have been observed to associate during meiosis, and in rare
cases a short synaptonemal complex is present. Molecular cloning of loci from Xgter and
Yaqter has revealed that their sequence homology extends over 400 kilobases, which
suggests the possibility of genetic exchange. This hypothesis was tested by the devel-
opment of two highly informative microsatellite markers from yeast artificial chromosome
clones that carried Xqter sequences and the following of their inheritance in a set of
reference pedigrees from the Centre d'Etude du Polymorphisme Humain in Paris, France.
From a total of 195 informative male meioses, four recombination events between these
loci were observed. In three cases, paternal X alleles. were inherited by male offspring, and
in one case a female offspring inherited her father’'s Y allele. These data support the
existence of genetic exchange at Xg-Yq, which defines a second pseudoautosomal region

between the sex chromosomes.

The -human Y chromosome serves two
known primary functions. It carries se-
quences on the short arm coding for a
testis-determining factor (I-3), which is
required to initiate male development. It
also provides a pairing partner for the X
chromosome during meiosis. Koller and
Darlington (4) first proposed the existence
of differential (sex-specific) and common
[pairing, later termed pseudoautosomal
(5)] segments between the sex chromo-
somes to explain their cytogenetic associ-
ation in rat spermatocytes. During the
early stages of prophase I, the sex chromo-
somes condense and associate to form a
heterochromatic mass known as the XY
body (6). The formation of a synaptone-
mal complex is restricted to the short arm
pseudoautosomal region, but the extent of
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nonhomologous synapsis between the X
and the Y chromosomes is variable and
could extend into Yq (7). A secondary
end-to-end association between Xq and
Yq is occasionally observed in meiotic
spreads, and in rare cases a short synap-
tonemal complex is present (8). The sex
chromosomal region that undergoes ho-
mologous pairing in humans occupies the
most distal segments of the X and Y short
arms. The cloning of sequences from the
pairing region provided molecular evi-
dence for recombination between distal
Xp and Yp (9). A gradient of recombina-
tion can be observed in males between
pseudoautosomal markers and the sex-de-
termining locus, with the most telomeric
marker segregating independently of sex
(10).

In addition to the pseudoautosomal
segment, the X and Y chromosomes share
several regions of homology that are not
known to undergo legitimate recombina-
tion during male meiosis (2, 11). The
isolation of DNA segments corresponding
to loci DXYS61 (isolated from a flow-
sorted Y library) (12) and DXYS64 (iden-
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Fig. 1. Genetic linkage map of distal Xg. The
female-specific multipoint map was construct-
ed with genotypic data from sDF-1 (DXYS154),
sDF-2 (DXS1108), and Xg markers in the CEPH
V5 database with the use of CRI-MAP version
2.4 (20). Markers were uniquely placed with
odds of at least 1000:1. The number of infor-
mative meioses for sDF-1 is 430; for sDF-2, 235;
and for DXS52, 263. The numbers on the left
indicate the distances between loci in centimo-
rgans; the numbers on the right indicate cyto-
genetic bands. The arrow points in the direction
of the centromere on the chromosome.

tified from a random X clone) (13) and
their localization by in situ hybridization
(14) in distal Yq and Xq indicated a region
of homology near the telomeres. In addi-
tion, the pattern of restriction endonucle-
ase sites at these loci predicts greater than
99% sequence identity between the two
copies (12, 13). Analysis of the DXYS61
locus in higher primates suggests that the
observed homology could be the result of
its recent transposition to the Y chromo-
some (15). Furthermore, the cloning of
human telomeres (16) shows that proter-
minal repetitive sequences (directly prox-
imal to the T,AG; repeats) common to
several autosomal telomeres are also pre-
sent at Xq and Yq. The high degree of
sequence homology at Xq and Yq and the
cytogenetic association of these telomeres
in human meiotic spreads raised the pos-
sibility of homologous pairing and genetic
exchange.

A 1.6-Mb yeast artificial chromosome
(YAC) contig was constructed near the
Factor VIII gene (17); the contig estab-
lished that the XY homology region identi-
fied by DXYS61 and DXYS64 (which maps
350 kb from the terminal repeats) is the
most distal segment in Xq28. This contig

provided source DNA to develop polymor-
phic markers. Here, we provide evidence
for genetic exchange between Xq and Yq.
We propose that sequence homology is
maintained by genetic exchange and that
these segments define a second pseudoauto-
somal region on the human sex chromo-
somes.

Several cosmid subclones from two over-
lapping YACs (yWXD364 and yWXD250)
that carry the DXYS64 locus were screened
for microsatellite  polymorphisms. A
(CA) g repeat element was identified with-
in cosmid c364-10g, and a polymerase
chain reaction (PCR) assay was developed.
A highly polymorphic marker, sDF-1 (at
locus DXYS154), was identified (70% het-
erozygosity), and a total of ten alleles (rang-
ing in size from 220 to 244 bp) were
observed in the 40 Centre d’Etude du Poly-
morphisme Humain (CEPH) reference ped-
igrees studied. Two alleles were amplified
from several males, which indicates that
the sequence is present in two copies in
males as well as females. No male-specific
alleles were found.

To verify that sDF-1 is present on the
distal long arm of the sex chromosomes, we
tested a set of somatic cell hybrids, each
carrying one or more human chromosomes
and together representing the full human
chromosome complement. Amplification
was observed only in hybrids that carried X
or Y (18). Furthermore, fluorescent in situ
hybridization with cosmid DNA (from
clones ¢364-10g and ¢250-9k) detected sig-
nals on only Xqter and Yqter (18).

A second microsatellite repeat, sDF-2
[(GT);GC(GT),3, locus DXS1108], was
identified in cosmid c250-9k by degenerate
cycle sequencing (19). Amplification of
sDF-2 from 74 unrelated individuals identi-
fied seven alleles [75% heterozygosity (18)].
All males were found to be hemizygous.
Cosmid ¢250-9k contains an X chromo-
some-specific sequence (sDF-2) and reveals
sequence homology on the Y chromosome
by in situ hybridization; therefore, it is
likely to contain the physical boundary
between X-specific and the XY homology
regions.

The markers sDF-1 and sDF-2 were gen-
otyped in 32 informative CEPH families.
Two point analyses of these markers against
the entire CEPH V5 database did not reveal
significant linkage [logarithm of the likeli-
hood ratio for linkage (lod) > 3.0] with any
autosomal markers. However, multiple
high lod scores were found with markers
from the X chromosome, including DXS52,
the most distal marker available in Xq28
[for example, for sDF-1-sDF-2, lod = 41,
recombination fraction (8) = 0.01; for
sDF-1-DXS52, lod = 23, 6 = 0.03; and for
sDF-2-DXS52, lod = 27, 6 = 0.03]. Figure
1 shows a multipoint linkage map of the
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Fig. 2. Segregation of sDF-1 alleles in CEPH
pedigrees (A) K1377 and (B) K1423. Six alleles
ranging in size from 222 to 236 bp are evident
from the two pedigrees. Genotypes were as-
sayed by PCR ampilification with 50 ng of ge-
nomic DNA and 2.5 pmol of each sDF-1 primer
(5'-GGCCTGAATTCATTTATTATTCTAATAG-3'
and 5'-GAACAGGCAAAGATGCCCACTCTC-3)
in a standard 12.5-pl reaction (26). The forward
primer was end-labeled with T4 polynucleotide
kinase and [y-*2P]adenosine triphosphate, and
22 cycles of 94°C for 1 min, 65°C for 1 min, and
72°C for 1 min were performed in a Perkin-
Elmer Cetus thermocycler. An aliquot from
each reaction was fractionated by electropho-
resis through a 6% denaturing polyacrylamide
gel and exposed to x-ray film for 12 to 24 hours.
Squares, male family members; circles, female
family members. Genotypes (in base pairs) of
the individuals are shown beneath the gel
lanes. )

Xgter region constructed by means of CRI-
MAP (20) with sDF-1, sDF-2, and Xq
genotypic data available from the CEPH
database. The map establishes sDF-1 as the
most distal marker in Xq28 with sDF-2
located between DXS52 and sDF-1 (with
odds for order of at least 1000:1).

From a total of 195 informative male
meioses, four recombination events be-
tween sDF-1 and sDF-2 were identified
(within four families). Figure 2 shows the
inheritance of sDF-1 in two CEPH pedi-
grees that reveal two of these recombinants.
In pedigree K1377, all eight male offspring
(individuals 3 through 9 and 14) are ex-
pected to inherit the 230-bp Y allele from
their father (individual 1) (as inferred by
inheritance from their paternal grandfa-
ther) and either the 230- or 228-bp alleles
from their mother (individual 2). Seven
sons inherited the Y allele; however, indi-
vidual 14 inherited the 234-bp allele pres-
ent on his father’s X chromosome (as
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Fig. 3. Haplotype analysis of pedigree K1377 and Yq, it is interesting to consider the
K1377 for nine Xq microsatellite mark- possibility that homologous pairing might
ers. The haplotype loci are shown in P& H § 3 occur in this region during male meiosis.
order from the centromere fo gter and x4 i ! s On the basis of our data, synapsis between
are listed to the left of the figure. X DS 3 z 4 Xa and Y be inferred f 1 4%
chromosome allele numbers are con- DXs731 1 2 4 9 an ‘q can be Inierre gr at least 1/
tained within the boxes, and the identi-  bxss: ‘ ' ' of meiotic events. Before this, Xq and Yq
fication number for each individual is  soFt 1 7 7|[] telomeres were not known to pair homol-
shown in boldface directly under the 13 12 10 11 OgOUZISi during I}T:eiOSisé Our datagaise two
haplotype. The Y alleles for sDF-1 are — possibilities with regard to recombination.
enclosed with a box to the right of the X DXSase 212 i It is conceivable that the acquisition of a
haplotypes for the appropriate male — Pxs@ 32 ! pairing segment at Xq and Yq in higher
individuals. The order of sDF-1, sDF-2, " HIH é primates is a result of the nonhomologous
and DXS52 with respect to the telomere P71 ik pairing that occasionally occurs between
was established by multipoint mapping Dxse2 314 3 chromosomal ends during th lv st
(Fig. 2). The order of the remaining sDF-1 o] |0 ! E| L g the carly stages
markers was based on the recently — 1 of meiosis and does not reflect an essential
reported X chromosome map (27). In biological role for this DNA segment (25).
the. small set of families analyzed, no st HEF 2 Alternatively, pairing at Xq and Yq may
recombinants were observed between Dx§azs 3 3 3 be required for proper synapsis and segre-
DXS52 and DXS731; therefore, the or-  BX&¥7 L 3 : gation of chromosomes in male meiosis.
der with respect to sDF-2 is not known, ~ DXs7t ! ! 3 The role of Xq-Yq pairing, if any, in male
In the case of nonuniquely localized 3 H 3 meiosis remains to be elucidated. Such a
markers, the order that minimized the ~ *° Bl LJpT el [olp] LE L2 P (21 role could be investigated in males mono-
number of double recombination 3 4 5 6 7 8 9 14

events was used.

inferred by inheritance from his paternal
grandmother), which indicates that a ge-
netic exchange has occurred that results in
the transfer of the 234-bp X allele to the Y
chromosome. Similarly, in pedigree K1423
a male offspring (individual 6) inherited the
grandmaternal X allele (230 bp) from his
father instead of the 222-bp Y allele. The
other two recombinants were observed in a
son who inherited his father’s X allele and
in a daughter who inherited her father’s Y
allele (21).

Because the observed recombinants
could have resulted from DNA sample er-
rors, it was important to verify first that the
recombinant individuals are independent
members of the same families and, second,
that the reported sex for these individuals is
consistent with the information obtained
from the DNA analysis. We followed the
segregation of 30 highly informative auto-
somal markers (mapping to chromosomes 2,
6, 7, 8, and 12) in these four families.
Mendelian segregation of the alleles consis-
tent with inheritance from the parental
DNAs was observed for all individuals an-
alyzed. Variation among the genotypes of
the siblings provided verification that they
are independent offspring of the two par-
ents. Second, because males are hemizygous
for most of the X chromosome, the segre-
gation of seven additional X microsatellite
markers (22) was followed. All male pedi-
gree members were found to be hemizygous.
Figure 3 shows the haplotypes for individu-
als from pedigree K1377 for a subset of the
X chromosome microsatellite markers ana-
lyzed. For example, individual 14 inherited
a single maternal allele for markers
DXS454, DXS425, and DXS731 that dif-
fered in size from the paternal allele. This
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analysis excluded a DNA sample mix-up
and verified that the male individual did
not inherit other X chromosome sequences
from his father.

These data provide evidence for recom-
bination between the most distal segments
of the long arms of the human X and Y
chromosomes. Two mechanisms could ex-
plain the molecular basis of the recombi-
nation events observed: gene conversion
and reciprocal exchange. Gene conver-
sion refers to the unidirectional transfer of
information from one copy of a given
sequence to another. Homologous recom-
bination results in the reciprocal exchange
of sequence information between the two
alleles. The generation of more distal
markers could in principle establish the
length of the DNA segment involved in
each genetic event. However, because of
the relatively small size of the XY homol-
ogy segment (less than 500 kb) and the
inability to analyze all four products of a
meiotic event, it may not be possible to
determine with certainty which mecha-
nism is responsible for the genetic ex-
change seen at Xq and Yq.

The two microsatellite markers used in
this study are separated by at most 100 kb
{(23). Therefore, the rate of recombination
in male meiosis (4 out of 195 or 2%) is
relatively high compared to that in female
meiosis, where a single crossover was ob-
served in 238 informative meioses. The
observed rate of recombination is sufficient
to maintain sequence identity between the
two copies, assuming a neutral mutation
rate and a lack of selective pressure favor-
ing the divergence of the sequences (24).

Because we observed recombination
between genetic markers from distal Xq
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somic for this DNA segment, assuming
that deletions of one copy of these se-
quences do not affect the viability of the
individuals.
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DNA Sequencing by Primer Walking with
Strings of Contiguous Hexamers

Jan Kieleczawa, John J. Dunn, F. William Studier

When template DNA is saturated with a single-stranded DNA binding protein (SSB), strings
of three or four contiguous hexanucleotides (hexamers) can cooperate through base-
stacking interactions to prime DNA synthesis specifically from the 3’ end of the string.
Under the same conditions, priming by individual hexamers is suppressed. Strings of three
or four hexamers representing more than 200 of the 4096 possiblé hexamers primed easily
readable sequence ladders at more than 75 different sites in single-stranded or denatured
double-stranded templates 6.4 kilobases to 4Q kilobase pairs long, with a success rate of
60 to 90 percent. A synthesis of 1 micromole of hexamer supplies enough material for
thousands of primings, so multiple libraries of all 4096 hexamers could be distributed at
a reasonable cost. Such libraries would allow rapid and economical sequencing. Auto-
mating this strategy could increase the speed and efficiency of large-scale DNA sequencing

by at least an order of magnitude.

Improvement in the efficiency of nucleo-
tide sequencing is needed if the entire
human genome is to be sequenced in the
next 15 years at reasonable cost (I). A
potentially efficient method is enzymatic
sequencing by primer walking. A primer
within a segment of known sequence (such
as a vector sequence) is used to extend the
sequence into an unknown region. The
sequence thus determined is in turn used
to select a primer to extend the sequence
further, and this process is repeated until
the sequence of the entire molecule has
been determined. Advantages of primer
walking are that the entire sequence can
be determined on a single preparation of
template DNA without subcloning and
that the sequence can be determined with
a minimum number of sequencing reac-
tions.

A disadvantage of primer walking has
been the inconvenience and expense of
having to synthesize a primer for each
sequencing reaction. A proposed solution

Biology Department, Brookhaven National Laboratory,
Upton, NY 11973.

is to use primers that are short enough that
a manageable library of primers would
allow any DNA molecule to be sequenced
entirely with primers selected from the
library (2). A potential way to obtain
specific priming with a small library of
primers is to generate longer, more specific
primers from combinations of shorter, less
specific ones. One proposal for doing this
is by template-directed ligation (3), which
would be compatible with current se-
quencing procedures. Efficient ligation re-
quires that oligonucleotides pair at adja-
cent sites in the template DNA (4). We
refer to sets of contiguous oligonucleotides
as strings.

In trying to optimize conditions for
specific priming by short oligonucleotides
and to develop conditions for template-
directed ligation, we discovered that satu-
rating the template DNA with SSB stim-
ulated strings of three or more unligated
hexamers to prime specifically at the posi-
tion of the string and at the same time
suppressed priming by individual hexamers
or by many pairs of contiguous hexamers.
This stimulation of priming required that
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the hexamers be contiguous: priming by
sets of three or four hexamers whose com-
plements were separated by one or two
nucleotides was suppressed by added SSB.

Conditions for priming by hexamer
strings. The DNA polymerase used for
sequencing was modified T7 DNA polymer-
ase (5). The SSB of Escherichia coli, the
gene 32 protein of bacteriophage T4, and
the gene 2.5 protein of bacteriophage T7
(6) each stimulated good sequence ladders,
but the E. coli SSB gave the best initial
results and was used for the experiments
described here. We used single-stranded
M13 DNA (6407 nucleotides) or M13mp18
DNA (7250 nucleotides) (7) and one string
of four hexamers (Table 1, A4-Al) to
establish optimal conditions for priming by
hexamer strings (8).

Standard reaction conditions were de-
rived from the two-step Sequenase label-
ing and termination protocols for sequenc-
ing with 23S label (U.S. Biochemical). An
equilibration reaction (10 pl) typically
contained 0.7 pg (33 nM) of M13 DNA,
3 pg of SSB (16 uM SSB monomer), and
50 pmol (5 wM) of each hexamer in 40
mM tris-HCI (pH 7.5), 50 mM NaCl, and
10 mM MgCl,, plus 5% glycerol contrib-
uted by the stock solution of SSB. After
equilibration for at least 5 min at 0°C,
labeling was for 5 min at 0°C, followed
by termination for 5 min at 37°C (9). We
added SDS (0.1%) to the stop solution to
prevent SSB from interfering with electro-
phoresis of the DNA on sequencing gels.

Labeling intensity was reduced at 5 or 20
mM MgCl, relative to 10 mM but was
insensitive to NaCl concentration between
40 and 100 mM. The priming complex
appears to reach equilibrium in 2.5 min at
0°C, whether SSB is added to an equilibrat-
ed mixture of DNA and hexamers or hex-
amers are added to an equilibrated mixture
of DNA and SSB, as judged by intensity of
labeling at different times after the last
addition.

SSB concentration. Escherichia coli SSB
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