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Fig. 4 Boundaries of the inducible hypersensitive site. DNA was isolated
from LPS-treated cells either with or without previous DNase digestion of
nuclei. After cleavage with either EcoRI alone (R) or a combination of
EcoRI and BamHI (R + B), the DNA was electrophoresed, transferred to
nitrocellulose, and probed for either x constant region (lanes 1-4) or J,
(lanes 5-8) sequences. The J, probe was a 2.5-kb HindIII fragment of the
embryonic  locus'?, isolated from a recombinant plasmid provided by E.
Max and P. Leder. DNase concentrations were 1.0 Uml ™! in lanes 2 and
4, and 3.0 Uml " in lanes 6 and 8. The approximate sizes of the subfrag-
ments generated by DNase digestion are: lane 2, 10 kb; lane 4, 2.1 kb;
lane 6, 6.5 and 4.2 kb; lane 8, 4.2 and 3.7 kb.

of the C, region'” (Fig. 3). The hypersensitive site lies inside
the region which forms the large intervening sequence of a
rearranged « gene, with its 3’ boundary 0.5-0.7 kb upstream
of the constant region coding sequence. To identify the 5’
boundary of the hypersensitive site, restriction digests of DNA
from LPS-treated cells were probed for fragments bearing the
J. region (Fig. 4). Mild DNase digestion always produced two
distinct J -bearing subfragments, corresponding to the two «
alleles. Analysis of the sizes of these subfragments indicated
that DNase hypersensitivity arises at the same location in both
the rearranged and germline « alleles after exposure to LPS,
and is confined to a discrete region not more than 0.5 kb long.
The location of this hypersensitivity does not coincide with
known sites of transcriptional initiation, DNA recom-
bination’®'” or RNA splicing, and serves no other recognized
function. Recently, however, the sequence of a short (150-base
pair) segment of DNA occupying approximately this same
location, has been found to be conserved evolutionarily between
the human and mouse « genes, whereas the remaining intronic
sequences on either side have undergone extensive diver-
gence'®. This segment is, in fact, the only conserved noncoding
region in the vicinity of the C, locus. No additional hypersensi-
tive sites were detected; in particular, there was no evidence
of hypersensitivity near the 5’ end of the rearranged « gene.
We have detected neither constitutive nor inducible transcripts
derived from the germ-line « locus in these cells, suggesting
that hypersensitivity is not simply a consequence of ongoing
transcription (data not shown). The factors which prevent coor-
dinate activation of the germ-line allele remain to be elucidated.

Thus, our data indicate that when « light chain expression
is induced by LPS treatment, a discrete DNA region closely
linked to the constant region coding sequence becomes
extremely sensitive to DNase digestion, presumably as a result
of a localized change in chromatin structure. While this region
has no identified function, its sequence has apparently been
conserved during evolution, whereas adjacent sequences have
not. Similar hypersensitive sites have been observed in other
genes'®?*, where they are frequently (but not exclusively) found
near the transcriptional initiation site at the 5’ end of the gene.
Because the hypersensitivity of certain of the sites correlates
with gene activity, it has been argued that these may have a
role in the regulation of transcription’***. By analogy with
these sites, it is tempting to speculate that the LPS-inducibie
hypersensitive site found inside the « gene may play a part in

transcriptional activation of the gene in response to lipopolysac-
charide.
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The surface coat of trypanosomes consists essentially of a single
protein, the variant surface glycoprotein (VSG)'*. But more
than a hundred different VSGs can be produced®. By switching
from the synthesis of one VSG to the next, trypanosomes change
the antigenic nature of their surface and thus escape destruction
by the host immune system®*, Each VSG is encoded by a
separate gene and expression of some of these genes involves
the duplication and transposition of a silent basic copy (BC)
into a new genomic environment’®, where the gene is tran-
scribed'>**. The DNA segment downstream of this transposed
expression-linked extra copy (ELC) of the gene has two
remarkable properties. It is devoid of restriction endonuclease
cutting sites for a stretch of 7 kilobases (kb) which ends abruptly
in an apparent cluster of at least 17 restriction endonuclease
cutting sites. Here we show that in intact DNA the ‘barren’
region 3 to two active VSG genes is preferentially attacked by
exonuclease Bal31. We conclude that the expressed copies of
these genes are located adjacent to a discontinuity in the DNA,
presumably the end of a chromosome.
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Fig.1 Physical maps of the 117 and
118 VSG genes. Restriction endo-
nuclease cleavage sites in and around
the BC and ELC genes for VS8Gs
117 and 118 in Trypanosoma brucei
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(from ref. 12). The clusters at the 3’
ends of the ELC maps indicate small
regions where 17 restriction en-
zymes appear to cut (EcoRI,
BamHl, Pstl, Mspl, HindIll, Pyull,
Bglll, Sall, Hhal, Hphl, Taql, Xbal,
Bspl, Xhol, Aval, Kpnl, Mbol). The
transposed segment of the BC genes
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is shown in the ELC maps. The 0 RS
sequences that hybridize to the transgosed segment
probes used in the experiments
shown in Fig. 2 are indicated under-
neath the BC genes. Abbreviations:
B, BamHI; Bg, Bg!1I; E, EcoRI; Hh,
Hhal; H, HindIII; M, Mspl; P, PsiI; " " " g — n _ .

Pv, Puull; S, Sall. j Wu
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The physical maps of the BCs and ELCs of VSG genes 117 a N7 xBAI31T (xPwull) b 118 xBAI3T  (x8qu)
and 118 are shown in Fig. 1. The regions surrounding both Incubation Incubation

ELCs are indistinguishable and both genes may have been
inserted into the same expression site. This site is characterized
by long stretches of DNA in which no restriction enzymes cut.
These stretches may represent repetitive DNA, but this has not
been verified, as all attempts to isolate this DNA as recombinant
DNA have failed*"*.

To test whether the apparent restriction site cluster down-
stream of the ELCs really is a discontinuity in the DNA, we
determined whether this site is preferentially attacked by Bal31
exonuclease in large DNA. DNA with a molecular weight of
50-80 kb was isolated from trypanosome variant antigen types
117 and 118 and incubated with Bal31 for various periods of
time. The DNA was recovered and digested with appropriate
restriction endonucleases to examine the effect of Bai31 diges-
tion on ELC and BC fragments in Southern blots.

Figure 2a shows a Southern blot of 117 DNA treated with
Bal31 and restricted with Pyull. The filter-bound DNA was
hybridized to the 3' part of a cloned VSG 117 complementary
DNA (cDNA) fragment. Two restriction fragments are detec-
ted: a 2.7-kb BC gene fragment and a 8.7-kb fragment that
represents the ELC gene. The ELC gene fragment is progress-
ively shortened by Bal/31, whereas the BC gene fragment is
unaffected even by the most extensive Bal31 treatment.

The probe used to visualize the 117 VSG gene fragments is
known to cross-hybridize with a family of putative VSG genes,
the 117-related genes®™'?. Even at the high stringency used in
this experiment (0.1 xSSC at 65°C), 117-related genes are
detected. All cross-hybridizing fragments, some of which are
larger than the 117 ELC gene fragment, are resistant to Bal/31
digestion, suggesting that the shortening of the 117 ELC gene
fragment by Bal31 nuclease is a specific event, unrelated to
the size of the target.

Figure 2b shows the result of an analogous experiment with
variant type 118 DNA. After Ba/31 treatment, the DNA
samples were cleaved with BglIl and a Southern blot of this
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Fig. 2 Autoradiograms showing the preferential sensitivity of
the 3' flanking region of the 117 and 118 ELC genes to digestion
by Bal31 nuclease. The DNA from trypanosome variant types
117 and 118 (MITat 1.4 and 1.5) was isolated as described in ref.
11 and digested with 1 U Bal31 nuclease (Biolabs) per 30 pg
DNA, as described in ref. 13, for the times indicated. The DNA
was collected by ethanol precipitation after phenol extraction and
digested with the restriction enzymes indicated. The restricted
DNA was size-fractionated on agarose slab gels, blotted onto
nitrocellulose filters and hybridized to nick-translated **P-labelled
VSG ¢cDNA fragments. @, Southern blot of 117 DNA treated with
Bai31, digested with Poull and hybridized to the 3’ Sall-PstI
fragment from TeV117-5 (ref. 11). b, Southern blot of 118 DNA
treated with Bal31, digested with Bg/II and hybridized to the PstI
insert fragment of TcV118-2 (ref. 11). The localization of the
genomic sequences that hybridize to the cDNA fragments is shown
in Fig. 1. The origin and size of the fragments detected are
indicated. The extra hybridizing fragments in a represent 117-
related genes (see text).
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DNA was probed with a cloned VSG 118 cDNA fragment.
One of the four Bg/II fragments detected is shortened by Bal31
nuclease. This 8.5-kb Bgl/II fragment contains the 3’ part of
the 118 ELC gene and its flanking region.

The preferential sensitivity to Bai/31 digestion of the 3'-
flanking region of the 117 and 118 ELC genes shows that this
region contains a discontinuity. As the Bal31 preparations also
cleave single-stranded DNA', this discontinuity could either
be in one DNA strand (nick or gap) or in both DNA strands.
The fact that 17 restriction endonucleases appear to cut at this
position is compatible only with a discontinuity in both strands.
Whether this discontinuity is also present in vivo or unmasked
by removal of protein or RNA during DNA isolation is not
easily tested with trypanosomes, because they lack condensed
or polytene chromosomes suitable for cytological (hybridiz-
ation) analysis.

The ends of the linear DNA molecules found in viruses or
chromosomes are known to have unusual properties. A protein
may be covalently linked to the end'*'® or the two DNA strands
may be linked and form a hairpin'’~'. The presence of a long
hairpin (more than 500 base pairs) in the trypanosome DNA
was rendered unlikely by running restriction digests of nuclear
DNA on an alkaline gel before and after treatment with S,
nuclease, which specifically cuts single-stranded DNA. No
shortening of ELC fragments was seen (experiment not shown).

Another unusual feature of chromosome ends is the presence
of tandem repeats. These were first detected at the ends of
ribosomal DNA molecules, which were shown to contain 20-70
tandem repeats of the hexanucleotide CCCCAA®. This simple
repeated sequence is probably present at most termini of
Tetrahymena macronuclear DNA?? and analogous short ter-
minal repeats have been found in other ciliates”> ™, in the
rDNA of the slime mould Dictyostelium*® and in linear viral
DNAs*"*". The recent finding that the ends of rDNA from
Tetrahymena can be stably replicated in yeast nuclei as ends
of linear plasmids®® suggests that terminal repeats may indeed
be a common characteristic of most stable linear nuclear DNAs.
The ‘barren’ regions surrounding the ELCs (Fig. 1) could, there-
fore, represent analogous short tandem repeats marking the
end of a chromosome.
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Specific replication origins have been well characterized in
prokaryotes™?, and have been identified in eukaryotic extra-
chromosomal DNAs*®, The best candidate, until now, for a
specific eukaryotic chromosomal replication origin has been
found in yeast®, but the general existence of such origins is
challenged™® by the finding that SV40 and polyoma DNA frag-
ments lacking the viral replication origin can replicate after
injection into Xenopus eggs. It has thus been suggested that
the origins found on extrachromosomal DNAs exist solely to
circomvent the cells’ strict requirement for chromosomal DNA
to replicate once per cell division. Clearly the disparate views
can only be reconciled after the replication of specific chromo-
somal genes has been studied. To this end, we have studied the
replication of the ribosomal genes (rDNA) of the sea urchin
Lytechinus variegartus. The visualization of replicating rDNA,
isolated from rapidly dividing sea urchin gastrula cells, after
restriction endonuclease digestion demonstrates that the initi-
ation of replication in these chromosomal genes is sequence-
specific, and is most probably confined to a region within the
non-transcribed spacer.

After fertilization L. variegatus undergoes a rapid cleavage
stage during which the embryos divide approximately every
half hour. The rDNA genes of L. variegatus are present in
about 200 copies per genome, and are isolatable as a dense
satellite after equilibrium density centrifugation in CsCI'**2,
DNA was isolated from sea urchin embryos about 4 h after
fertilization. Following the first CsCl equilibrium density
gradient, the ribosomal DNA peak was located by hybridization
with a cloned ribosoma!l gene (pUNC220, provided by Dr D.
Stafford). The IDNA was then recentrifuged in a second CsCl
gradient and found to band at a density of 1.723 gem™. The
rDNA peak formed a dense satellite well separated from the
main band DNA, which has a mean density of about
1.695 g em ™ (ref. 11).

Table 1 Purity of rDNA fractions

% Chromosomal DNA bound at equilibrium

Hours Expt 1 Expt 2
24 17.5 18.4
48 15.7 14.6
72 14.0 143

The purity of ribosomal fraction was determined by saturation
hybridization: three plasmids with inserts spanning the ribosomal repeat
(see Fig. 1) were pooled on an equal weight basis, simultaneously nicked
and denatured by treatment with 0.2 M NaOH for 10 min at 65 °C,
neutralized and 10 pg applied to each 2.5-cm filter. Filters were cut
into four identical pieces and after 1 h at 75 °Cin 0.2 xS8C, 0.1% SDS,
each was added to 56% (v/v) formamide, 4.6 XSSC, 9.2% dextran
sulphate, 0.1% SDS containing about 2 ng **P-labelled chromosomal
DNA and 0.5 ng *H-labelled nick-translated ‘pooled plasmid’ as an
internal control. Hybridization was at 42 °C for the indicated times.
Binding of the chromosomal probe and the pooled plasmid was found
to be invariant over a 40- and 14-fold range, respectively. Results are
normalized to the fraction of the *H-labelled pooled plasmid internal
control at each time point. In both experiments, the value at 4 h was
20% but this time is omitted because it is pre-equilibrium. Maximum
hybridization of the control was 57% of input for expt 1, 58% of input
for expt 2.
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