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It has been previously found that somatic cell nuclei injected into Xenopus oocytes undergo major changes in structure
and greatly increase their rate of RNA synthesis. We show here that these changes are not accompanied by a general
displacement of histones or of the non-histone chromosomal proteins known as HMGs, when complete nuclei or in
uitro assembled DNA-protein
complexes are injected and analyzed. Furthermore
injected nuclei do not undergo any
general change from the transcriptionally
inactive conformation
to an HMG-binding
“active” conformation.
Chromatin
assembled by salt dialysis with a I45-base pair spacing of nucleosomes is not changed to the typical 200-base pair
spacing. We conclude that the changes in gene activity undergone by somatic nuclei in oocytes affect a specific minority
of genes and are not achieved by gross chromosomal changes. We have also analyzed the nucleo-protein
structures
formed from purified DNA injected into oocytes. Although the majority of these are known from previous work to be
transcriptionally
inactive, we find that they are in an “active” HMG-binding
conformation.
This is attributable
to the
undermethylated
state of the injected cloned DNA, since the same DNA after methylation
in vitro is assembled in
oocytes into a structure which does not bind HMGs. The HMG-binding
structures formed from injected DNA contain
a low level of HMG proteins, which we find to be present in unusually small amounts in Xenopus oocytes and eggs.
INTRODUCTION

Somatic cell nuclei injected into amphibian oocytes
undergo substantial changes in the expression of their
genes. Some inactive genes are activated and other previously active genes are no longer expressed. In contrast,
genes injected as pure DNA are transcribed by polymerase II at a low rate, irrespective of their normal
specificity of expression (review by Gurdon and Melton,
1981). The experiments reported here concern chromosomal proteins associated with injected nuclei or
DNA. They are intended to contribute to an eventual
understanding
of the molecular mechanisms by which
gene expression is controlled in oocytes and in somatic
cells.
In the experiments to be described, we have used complete nuclei, cloned DNA reconstituted
into chromatin
in vitro, and cloned genes injected as DNA but reconstituted into chromatin by the oocyte. We have analyzed
the chromatin recovered from injected oocytes for its
content of histones and of the non-histone chromosomal
proteins HMG 14 and 17. The latter were originally
described by Goodwin and Johns (1973; review by Goodwin and Johns, 1977) as high-mobility
group proteins
14 and 17; we refer to them in the rest of this paper as
HMGs. They are characteristically
associated with active genes (Weisbrod and Weintraub, 1979; Gazit et al.,
’ Present address: Cold Spring Harbor
Cold Spring Harbor, N. Y. 11724.

Laboratory,

P.O. Box 100,

1980). Using oocytes injected with complete nuclei, we
have asked whether the induced changes in gene activity
involve a substantial
loss, gain, or rearrangement
of
histones or HMG proteins. It is already known that pure
DNA injected into oocytes becomes associated with histones and assembled into nucleosomes; we ask here
whether the chromatin formed from injected DNA contains HMG proteins 14 and 17, and whether this in turn
depends on the methylated state of the injected DNA.
MATERIALS

Oocytes
The collection of oocytes, microinjection,
and culture
were as previously described (Gurdon, 1977). Except
where stated, all oocyte injections were aimed for the
nucleus (germinal vesicle, GV), by the procedure described by Gurdon (1976). Nuclei for injection were prepared by the lysolecithin
procedure of Gurdon (1976).
Cells, Chromatin,
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and Nucleosome Preparation

Erythrocytes were isolated from the circulating blood
of 14- to 16-day old chick embryos by vein puncture or
from adult Xenopus laevis by heart puncture. Chick tissue culture cells (MSB) were grown in RPM1 1640 medium (Gibco) supplemented with 10% fetal calf serum.
Xenopus cultured cells were grown in 75% DMEM. Cells
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were labeled either with carrier-free [“‘Plorthophosphate
(Amersham) at 1 mCi/ml in phosphate-free medium, 25
pCi/ml [3H]thymidine
in RPMI, or with 10 &i/ml
[“Hllysine and [3H]arginine in DMEM. Nuclei for extraction were isolated by suspension in reticulocyte
standard buffer (RSB) (0.01 M Tris-HCl/pH
7.4,O.Ol M
NaCl, 5 mM MgC12) containing 0.5% Nonidet-P40 (NP40) for chicken cells and 0.05% NP-40 for Xenopus cells.
Chromatin
and nucleosomes were prepared by micrococcal nuclease digestion and sucrose gradient centrifugation
as described by Weisbrod and Weintraub
(1981). Nucleosomes were assayed by mobility on 4.5%
polyacrylamide
slab gels, according to the method of
Albanese and Weintraub
(1980). All procedures were
performed in the presence of 1 mM phenylmethylsulfonyl fluoride as a protease inhibitor.
Protein Isolation
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and Labeling

HMGs were isolated 'by a modification of the method
of Goodwin and Johns (1973 and 1977). Nuclei were
washed several times with RSB and then lysed and
washed with EDTA solution (0.2 mM EDTA, 75 mM
NaCl, 0.01 M Tris-HCI,
pH 7.4). The chromatin pellet
was extracted three times with 0.4 M NaCl, 5 mM sowith a
dium phosphate (pH 7.0) by homogenization
loose-fitting
Dounce homogenizer, and centrifuged at
SOOOgfor 10 min to yield a pellet of depleted chromatin
and a 0.4 M NaCl eluate. The eluate was made 50 pg/
ml with Escherichia colii DNA and allowed to sit on ice
for 30 min to precipitate any Hl and H5 histones which
may have been released through homogenization.
The
eluate was spun at 27,000g for 30 min. Proteins were
separated on the basis of their solubility in 2% trichloroacetic acid (TCA), and precipitation
in acetone/HCl
(0.1 N, v/v) followed by acetone; they were analyzed on
15 or 18% SDS-polyacrylamide
gels. Histones were isolated by hydroxyapatite
chromatography
by a modification of the method of Simon and Felsenfeld (1979).
Chromatin was bound to hydroxyapatite
in 0.7 M NaCl,
0.1 M sodium phosphate, pH 6.8. The ,column was
washed extensively with1 this buffer to remove any traces
of histones Hl and H1). The core histones were then
eluted with 2 M NaCl.’
Proteins
were labeled with N-succinimidyl-[2,33H]propionate (30-60 Ci/mmole) (SP) in 0.1 M Na borate (pH 8.8) as described by the manufacturer.
HMGs
were labeled to a specific activity of 5 X lo5 cpm/pg
while histones were lalbeled to approximately
1 X lo6
cpm/pg. Fluorography was carried out according to the
procedure of Bonner and Laskey (1974). Alternatively,
HMGs were kinase-labeled
with [32P]ATP using the
catalytic subunit of cA.MP-dependent
protein kinase,
as isolated according to’ Nelson and Taylor (1981).

Chromatin

Reconstitution

and Recovery

DNA, nick translated with [32P]dCTP to a specific
activity of approximately
l-2 X lo6 cpm/pg, was mixed
at a 1:l ratio with histones labeled with 3H as described
above. Nucleoprotein
complexes were prepared by step
dialysis from 2 M NaCl to 10 mM NaCl as described by
Camerini-Otero
and Felsenfeld (1978) and by Simon et
al. (1978). Prior to oocyte injection the minichromosomes were purified by sedimentation
in a 5-20% sucrose gradient according to Wyllie et al. (1978).
[3H]Tdr chick chromatin was prepared by sonication
until the average DNA length was 15,000 base pairs
(bp). The chromatin was then sedimented on a 5-20%
sucrose gradient for 1 h at 38,000 rpm in a Beckman
SW 40 rotor. The peak fractions were combined and
resedimented on a similar gradient containing
0.6 M
NaCl to remove HMGs and histone Hl. The peak fractions were then reconstituted
with 32P-labeled HMGs
at a weight ratio of lOO:l, DNA:HMG,
according to
Weisbrod and Weintraub (1979). Prior to injection the
reconstitute was repurified as described above.
Nucleoprotein
was extracted from oocytes and analyzed on continuous
sucrose gradients according to
Wyllie et al. (1978) or alternatively
concentrated at the
interface of a stepped gradient. Approximately
50 oocytes were homogenized in 1 ml lysis buffer containing
20 mM Tris-HCl,
pH 7.4, 0.5 mM EDTA, and 0.25%
Triton X-100. The homogenate was extracted with
Freon and the aqueous phase loaded onto a 10/20/30%
sucrose step gradient containing 40 mM NaCl, 5 mM
EDTA, and 10 mM Tris-HCl,
pH 7.4. Sedimentation
was at 50,000 rpm in the Beckman SW 60 rotor for 110
min. Naked circular DNA is concentrated at the upper
interface while the minichromosome
concentrates at the
lower interface.
HMG 14 and 17 Column Chromatography
HMGs were covalently bound to glass beads according to Weisbrod and Weintraub
(1981). Nucleosome
monomers were adsorbed to the column at a molar ratio
of 5:1, DNA:HMG.
The unbound or inactive chromatin
eluted at 5 mM sodium phosphate. Nonspecific binding
fractions eluted at 0.1 M NaC1/5 mM sodium phosphate.
Bound or active chromatin eluted at 0.4 M NaC1/5 mM
sodium phosphate.
DNA sources, Labeling, and Modification
SV40 DNA was a gift of R. M. Harland, the chick
globin clones were from J. D. Engel, and the Xenopus
5 S RNA clones were made originally by D. D. Brown
(Brown and Gurdon, 1978). pBR 322 and chick globin
DNAs were grown in C600, a DAM- strain of coli. The
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DNA preparations for injection into oocytes were lightly
labeled by nick-translation
according to Harland and
Laskey (1980). HpaII methylase was extracted according to the procedure of Mann and Smith (1977). The
incorporation of methyl groups into DNA was measured
as described by Quint and Cedar (1981).
DNA Hybridization
DNA preparation and “dot-blot”
hybridization
analysis were performed as described in Weisbrod and Weintraub (1981) except that the hybridizations
were performed in the presence of 50% formamide, 10% dextran
sulfate at 42°C (Wahl et al., 1979). The chicken DNA
clones used to assay the various column runs are summarized by Stalder et al. (1980).
RNA Preparation

and Hybridization

[32P]RNA from injected oocytes was prepared and
hybridized to DNA bound on paper disks as described
by Wickens et al. (1980).
Gel Electrophoresis
Eighteen percent polyacrylamide-sodium
dodecyl sulfate gels were run using the procedure of Laemmli (1970)
and stained with 0.1% Coomassie blue. Agarose gels
were prepared and electrophoresed in TEA buffer (40
mM Tris-Acetate,
pH 8.3, 20 mM Na acetate, 2 mM
EDTA). Nondenaturing
polyacrylamide
gels were used
to distinguish Xenopus oocyte-type from somatic type
5 S genes according to Korn and Gurdon (1981). SV 40
transcripts
were assayed by electrophoresis
on 1.2%
agarose gels containing 10 mM CH,HgOH (Bailey and
Davidson, 1976).
RESULTS

I. Injection of Complete Nuclei or Reconstituted
Chromatin
When somatic cell nuclei are injected into Xenopus
oocytes, oocyte-type 5 S genes become transcriptionally
active (Korn and Gurdon, 1981), and proteins characteristic of oocytes start to be expressed (De Robertis
and Gurdon, 1977). Injected nuclei undergo an up to 50fold increase in volume and transcription
rate, their
chromatin becomes dispersed, and cytoplasmic proteins
are extensively taken up (Gurdon, 1976; Gurdon et al.,
1976). We have now asked whether these large changes
are accompanied by the removal or replacement of histones and HMGs, and whether there is a general increase in the proportion
of chromatin in a transcriptionally active conformation. The analyses we have carried out can detect only major changes affecting 10%
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or more of all chromosomal DNA. We would not detect
changes operating selectively on a small proportion of
genes. We are therefore testing the proposition that the
gross changes observed in the structure and activity of
injected nuclei are accompanied by general displacements or rearrangements of nuclear proteins.
1. Histones are not removed. Several kinds of purified
genes, including SV40, chick or Xenopus globin, chick
ovalbumin, and Xenopus 5 S genes (all cloned in plasmids except for SV40-see
Materials and Methods)
were labeled by nick-translation
with 32P under mild
nicking conditions, and assembled with in vitro labeled
3H-histones by salt dialysis. The reconstituted
DNAhistone complexes were then injected into oocytes. After
2 days’ incubation, the nucleoprotein
complexes were
reextracted and analyzed on sucrose gradients. Figure
1 shows that there is no detectable change in the ratio
of [32P]DNA to 3H protein when nucleoprotein
complexes recovered from oocytes are compared with those
not injected.
Evidently histones assembled with DNA in vitro remain stably bound in an oocyte. However the DNAhistone assembly formed by salt dialysis in vitro differs
from normal chromatin,
in that its nucleosomes are
spaced 145 bp apart, compared to normal nucleosome
spacing which ranges from 180 to 220 bp (Tatchell and
Van Holde, 1979; Lewin, 1980). We therefore reinvestigated the persistence of DNA-histone
association in
injected oocytes using complete cell nuclei. Xenopus
cultured cell nuclei with 32P-labeled DNA were mixed
with another sample of nuclei from cultured cells which
had been incubated with [3H]arginine
and [3H]lysine,
thereby labeling their histones and other proteins. The
mixture of nuclei was injected into oocyte GVs, and the
oocytes were incubated for 2 days. Nucleoproteins
were
extracted from the oocytes, mixed with carrier chick
erythrocyte chromatin, digested till 40% of the carrier
material was degraded to mononucleosomes,
and fractionated on a sucrose gradient. Nearly all 3H counts in
the nucleosome fractions from the sucrose gradient were
attributable to histones associated with DNA as determined by gel electrophoresis
(not shown). The same
analytical procedure was applied to a sample of the nuclear mixture as used for injection. When the ratio of
32P:3H counts in nucleosomes of the starting material
was compared with that of nucleosomes from the extracted oocytes, no difference was observed (Fig. 2). In
view of the large histone pool of an oocyte (135 ng)
(Woodland and Adamson, 1977) and the small amount
of histones injected (about 3 ng) an exchange of histones
with the endogenous pool would have been seen. This
experiment therefore confirms the previous one with
reconstituted
material and shows that no substantial
degradation or displacement of histones relative to DNA
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FIG. 1. Histone exchange does not occur between in vitro assembled chromatin and the endogenous histone pool in the oocyte. SV40
minichromosomes
were prepared from 32P-SV40 and 3H histones as described under Materials and Methods. The complex was purified by
sedimentation, injected into oocytes, and assayed at various times on continuous 5-20% sucrose gradients. (A) Starting material; (B) material
recovered 3 hr after injection; (C) material recovered 36 hr after injection; (D) “‘P-SV40 DNA injected alone; (E) 32P-SV40 DNA uninjected.
Sedimentation
is from right ‘to left. The arrow indicates the position of SV40 minichromosomes.
The DNA near the top of each gradient
represents material which missed the germinal vesicle, and which fails to be assembled into a nucleoprotein
complex in the cytoplasm (Wyllie
et al., 1978).

takes place in injected oocytes. This conclusion applies
primarily to core histories. Hl histones were probably
retained in the chromatin, since it was prepared in low
ionic strength and with light micrococcal nuclease digestion, but our results do not eliminate Hl histone removal.
2. HMGs

are not removed

from

reconstituted

chro-

matin.
Chick
cultured
cells were incubated
in
[3H]thymidine
to label their DNA. Purified HMGs were
kinase labeled with 32P (see Materials and Methods).
Nuclei were prepared from the labeled cultured cells;
chromatin was extracted and sheared by sonication until most DNA was about 15,000 bp in length. HMGs
were then removed from the chromatin and replaced
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with the 32P-HMGs, under conditions which lead to the
normal association of the added HMGs with active nucleosomes of the sheared chromatin
(Weisbrod et al.,
1980; Sandeen et al., 1980; Gazit et al., 1980).
The chromatin containing 32P-HMGs and [3H]DNA
was injected into oocytes; after 1X days, the nucleoprotein was extracted and sedimented through a sucrose
gradient. The ratio of 32P and 3H counts remained the
same when the starting material was compared to the
material extracted from oocytes (Fig. 3). We conclude
that oocytes cause no widespread degradation of HMGs
or removal of HMGs from chromatin.
3. The HMG-binding
configuration of chromatin does
not change in injected nuclei. Weisbrod and Weintraub
(1979) demonstrated
a relationship
between nucleosomes which contain HMGs and transcriptionally
active, or potentially active, chromatin. Mononucleosomes
prepared from chromatin can be separated into bound
or unbound fractions according to whether they bind
to HMGs immobilized
on a column (Weisbrod and
Weintraub, 1981). About 85% of the mononucleosomes
prepared from somatic cells are recovered in the unbound (transcriptionally
inactive) fraction when passed
through an HMG column. It might be expected that
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FIG. 3. HMGs are not removed from reconstituted
chromatin injected in oocytes. [3H]Tdr in u&o-labeled chick MSB cell chromatin
was first sheared and sedimented on a continuous gradient. An arbitrary but limited part of the gradient was taken to concentrate chromatin fragments of similar size. These were then reconstituted
with
32P-HMGs by dialysis as described in Weisbrod and Weintraub (1979),
and injected into oocytes. The reconstitute was purified by sedimentation and sediments as a peak because it contains fragments of similar
size. (A) Starting material; the bracketed fractions were pooled for
injection. (B) Material extracted from oocytes 36 hr after injection.
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FIG. 2. Histones are conserved in complete nuclei injected into oocytes. One sample of nuclei containing [32P]DNA, and another containing [3H]arginine and [3H]lysine-labeled
proteins, were prepared
from Xenopus-cultured
cells (see Materials and Methods). Limited
digestion yielded mono- and oligonucleosomes
(see text), which were
resolved by sedimentation
in sucrose gradients (from right to left).
(A) Nuclear preparation uninjected. (B) Nuclei injected into oocyte
GVs, and recovered for analysis after 2 days.

some of the nucleosomes of nuclei undergoing activation
in oocytes would be converted from a conformation
which does not bind HMGs to one which does.
We have tested this possibility
by injecting nuclei
containing
32P-labeled DNA from Xenopus cultured
cells into oocytes. Two days later, chromatin was extracted, digested to mononucleosomes,
and passed
through an HMG column. The procedure is shown diagrammatically
in Fig. 4, and the results in Table 1.
Clearly there is no detectable change in the ratio of
bound and unbound mononucleosomes. The correct performance of the HMG column was verified by the fractionation of sheared chick chromatin in the same analysis. Therefore the general increase in RNA synthesis,
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FIG. 4. Schematic representation
of a typical HMG-column
analysis.
Xenopus-cultured
cell nuclei labeled in uiuo with s*PO, were injected
into oocytes. After 1-2 days the oocytes were homogenized and mixed
with chick erythrocyte
nuclei. After digestion with micrococcal nuclease, mononucleosomes
were prepared and depleted of HMGs by
sedimentation
in a sucrose gradient containing
0.6M NaCl. The
HMG-depleted
nucleosomes were then passed through an HMG-column and eluted with increased ionic strength. Nucleosomes which
cannot bind HMGs pass through the column; those which can are
eluted with 0.4 M NaCl. The expected performance of the column is
checked in each experiment (see Table 1).
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mid DNA by the salt dialysis method, yielding a preparation of 5 S plasmid chromatin
with nucleosomes
spaced 145 bp of DNA apart, in contrast to the approximately
200-bp spacing of natural chromatin
of
most cells including those of Xenopus (Humphries
et
al., 1979; Lewin, 1980). The in vitro assembled, 145-bp
spaced, chromatin was injected into oocytes, which were
extracted as usual, and nucleoprotein
complexes recovered on a sucrose gradient 2 days later. After micrococcal nuclease digestion, DNA was extracted and analyzed
on an agarose gel. The results showed no detectable
change in the spacing of nucleosomes (data not shown).
However, if only a minority of the injected chromatin
complexes had undergone a change in spacing, this
would not have been detected using this assay. The transcription data which follow provide a much more sensitive assay and corroborate the conclusion that nucleosome spacing is not altered after injection.
5. Transcriptional
activity of DNAs with altered nucleosome spacing. The following experiments establish
that plasmid DNA assembled in vitro into nucleosomes
of 145bp spacing is transcribed much less efficiently
than the same DNA injected as naked DNA and assembled in the oocyte into nucleosomes of 200-bp spacing;
this is true both for 5 S DNA transcribed by RNA polymerase III and for SV40 DNA transcribed by RNA polymerase II. DNA was assembled with nucleosomes at
145-bp spacing by salt dialysis in uitro. DNA with nucleosomes spaced at 200 bp was prepared by microinjection of DNA into the oocyte nucleus, and recovery
by sedimentation
through sucrose gradients, before
reinjection of the nucleoprotein complex with [32P]GTP.
TABLE 1
CHROMATINCONFIGURATIONOFNUCLEIINJECTEDINTOOOCYTES
HMG column
fractionation
Unbound
(%)

the uptake of proteins, and dispersal of chromatin in
nuclei injected into oocytes is evidently not caused or
accompanied by a general change in chromatin with
respect to its ability to bind HMGs.
4. Oocytes do not cause a change in nucleosome spacing. It has been suggested (Morris, 1976; McGhee and
Felsenfeld, 1980) that the spacing of nucleosomes on
DNA may influence gene activity. We have therefore
asked whether oocytes have the ability to change the
spacing of nucleosomes on injected chromatin. We believe that circular molecules of DNA approximate more
closely to the configuration
of natural chromosomal
DNA than short linear molecules. We have therefore
assembled histones onto circular molecules of 5 S plas-

Bound
(%)

s2P-Cultured cell nuclei of Xenopus
As injected
Recovered from oocyte

82
80

18
20

Carrier erythrocyte chromatin
With injected sample
With recovered sample

88
87

12
13

of chick

Note. The bound and unbound nucleosomes of Xenopus nuclei injected into oocytes were analyzed by the procedure outlined in Fig. 4.
The values for chick erythrocyte
nuclei (which were used as carrier
but not injected) are given to show typical boundunbound
ratios for
somatic cell chromatin. The fractionation
was further quantitated by
dot blot hybridization
to globin (active in the carrier), 90% of which
was fractionated into the bound fraction, and ovalbumin (inactive in
the carrier), 85% of which fractionated
into the unbound fraction.
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The labeled transcripts were assayed by gel electrophoresis.
5 S genes assembled in vitro into 145-bp spaced nucleosomes are transcribed not more than 5% as well as
5 S genes assembled into ZOO-bp nucleosomes in the
oocyte (Table 2). Two control experiments indicate that
this difference is not artifactual. First, the injected ZOObp chromatin was transcribed as efficiently as naked
DNA (which is assembled in the oocyte), indicating that
isolation of chromatin per se does not reduce transcriptional activity. Second, the decrease in the activity of
the 145-bp template is due to the template itself rather
than to an inhibitory
or toxic contaminant,
since 145bp chromatin assembled on oocyte-type 5 S genes does
not reduce the transcription
of naked 5 S somatic-type
DNA with which it is coinjected.
The same experiment was also performed using SV40
DNA, since it is transcribed by RNA polymerase II
rather than III. An identical
result was obtained,
namely, SV40 DNA assembled into 145-bp nucleosomes
was transcribed much less efficiently than SV40 DNA
assembled in the oocyte (Fig. 5). Naked SV40 DNA injected into oocytes produces two predominant
transcripts from the late promoter; one is 5000 bases long,
the other 2000 bases long (Wickens and Gurdon, 1983).

TABLE 2
THE TRANSCRIPTION OF IN VITRO ASSEMBLED CHROMATIN
IN INJECTED OOCYTES
Relative
amount
[“PIRNA”

Injected material

Chromatin*
NaCl reconst. 5 S”“’
NaCl reconst. 5 S”“’
Oocyte reconst. 5 S”“”
Oocyte reconst. 5 S”“’

Added DNA”

5 S”“”
5 S”“”

5 S”“”
(%)
2
5
80
60

5 S”“”
(So)

90
70

No. of
analyses
18
6
3
1

Note. 5 S”“’ and 5 S”“” refer, respectively, to transcripts from the
oocyte and somatic types of 5 S gene (injected as a plasmid), these
transcripts being distinguished by electrophoresis
under nondenaturing conditions (Kern and Gurdon, 1981) and quantitated by densitometry of autoradiographs.
DNA or chromatin was injected at 5 ng
DNA per oocyte.
u Relative transcription
represents the amount of radioactivity
which electrophoreses as 5 S RNA relative to the amount that is typ
ically obtained after injecting either 5 S”“’ or 5 S”“” DNA on their
own.
* NaCl reconst., 5 S plasmid DNA reconstituted
in vitro into chromatin with nucleosomes spaced 145 bp apart. Oocyte reconst., 5 S
plasmid DNA injected into oocyte GVs, where it is reconstituted with
a 200-bp nucleosome spacing, and then recovered as chromatin for
reinjection (see text).
’ Chromatin mixed with DNA before injection.
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A

B

C

28s

18s

FIG. 5. Circular SV40 chromatin with a 145.bp nucleosome spacing
is not transcribed in oocytes. DNA or chromatin was injected with
[s*P]CTP, and the labeled RNA, extracted after 2 days, was electrophoresed on 1.2% agarose gels containing 10 d
CH,HgOH. (A) Injection of SV40 circular DNA alone. (B) Injection of SV40 chromatin
with a 200-bp nucleosome spacing, prepared by injecting SV40 DNA,
and reextracting
the chromatin before subsequent injection. (C) Injection of SV40 chromatin with a 145-bp nucleosome spacing, assembled in uitro by salt dialysis. Arrow, large SV40 transcript (see text).
40 S, 28 S, 18 S, ribosomal RNAs synthesized by oocyte.

The large transcript (indicated by an arrow in Fig. 5)
is clearly visible in RNA from oocytes injected with
naked SV40 DNA and so provides a simple assay for
SV40 transcription;
the small transcript is obscured by
18 S RNA. SV40 DNA which had been assembled into
nucleosomes with 200-bp spacing was transcribed as
efficiently as naked DNA (Fig. 5, lanes A and B). In
contrast, no transcription
was detectable from SV40
chromatin
having nucleosomes with 145-bp spacing
(lane C). rRNA (40 S, 28 S, and 18 S) was transcribed
as efficiently in oocytes injected with the 145-bp chromatin as in those injected with the 200-bp chromatin,
indicating
that the decreased activity of the 145-bp
preparation is a property of the template itself, not of
a nonspecific inhibitor of transcription
or of poor oocyte
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viability. Thus SV40 templates with 145-bp nucleosome
spacing are transcribed ‘very inefficiently,
if at all.
The cause of the difference in transcription
between
the two types of template might not be nucleosome spacing but might instead reflect assembly in the oocyte
versus assembly in uitro: perhaps chromatin assembled
in the germinal vesicle associates with transcription
factors which are retained during the isolation procedure
and which enhance its iactivity upon subsequent reinjection. Such factors would have to exist both for a 5
S template transcribed by RNA polymerase III and for
an SV40 template transcribed by RNA polymerase II.
Since naked DNA is transcribed about 100 times better
than the same DNA assembled into nucleosomes with
145-bp spacing, any such nondissociable
factors must
associate much more readily with DNA than with 145bp chromatin. This leads again to the same general conclusion concerning the nonreversibility
of the spacing
configuration.
Thus although we cannot be certain that
the difference in transcriptional
activity of DNAs assembled in uiuo and in uitro is purely due to spacing, the
dramatic difference between 145-bp chromatin and naked DNA strongly suggests that aberrantly spaced nucleosomes are not removed upon injection.
The experiments described in this section permit two
conclusions. One is that oocytes do not remove or respace nucleosomes from or on chromatin which is fully
packed at 145-bp intervals. This confirms our results
using direct analysis of the nucleosome spacing of injected chromatin templates (see above). The other is
that 145-bp chromatin
is transcribed
inefficiently,
if
at all.
II.

Injection

of Cloned DNA

The injection of complete nuclei and the analysis of
their transcripts has the disadvantage that it is usually
not possible to recognize the activity of developmentally
regulated genes (such as ovalbumin), since the majority
of these are present as only one copy per genome. With
the injection of cloned DNA, it is easy to detect the
transcription
of single-copy genes. However, all injected
genes which are transcribed
in oocytes by polymerase
II yield a similarly low llevel of transcripts (Gurdon and
Melton, 1981). We have therefore investigated the composition of the chromatin
formed on injected cloned
DNA, in the hope of understanding,
and eventually improving, its transcriptional
properties. In particular we
have examined the extent to which injected DNA becomes associated with HMGs or becomes assembled
into a conformation which is capable of binding HMGs.
1. Injected cloned DNAs
which can bind coinjected

are assembled into chromatin
HMG proteins.
HMGs were

labeled with “P (see Materials

and Methods)

and in-
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jected into the cytoplasm of oocytes (2 ng/oocyte). Previous results (Gurdon, unpublished) established that in
the course of a day, HMGs become concentrated in an
oocyte nucleus, as do other molecules including histones
(Gurdon, 1970; Bonner, 1975). One day after the injection of HMGs, [3H]DNA (50 ng/oocyte) was injected
into the germinal vesicles of the same oocytes. One day
after this, nucleoprotein was extracted and analyzed on
sucrose gradients. Figure 6D shows that HMGs injected
alone remain at the top of the gradient, whereas in oocytes which received a subsequent injection of DNA, the
HMGs cosedimented with DNA (Fig. 6B). The association of HMGs and DNA does not take place by mixing
with oocyte homogenate (Fig. 6E) and is normal as
judged by its sensitivity to dissociation with 0.6 M NaCl
(Figs. 5C, F).
The association of HMGs and DNA in injected oocytes has been observed in all (three) experiments in
which a large amount (>25 ng) was injected per oocyte.
These results show that injected DNA becomes assembled so as to contain some HMG protein; they do not
establish how much, since we do not know how large
is the oocytes’ endogenous content of HMGs, and this
would affect the specific activity of the injected labeled
HMGs.
2. The HMG content of oocytes and eggs. The HMG
content of oocytes and eggs was measured by extracting
total proteins, isolating HMGs in the usual manner (see
Materials and Methods) and postlabeling with either
N-succinimidyl-[2,3-3H]propionate
or with 32P. Labeled
HMGs injected into oocytes were recovered with an 80%
efficiency by our procedures. Oocytes were manually
defolliculated,
since the several thousand follicle cells
surrounding each oocyte would give misleading values.
Measurements have also been made on unfertilized eggs
which are naturally devoid of follicle cells but whose
overall protein composition is similar to that of oocytes.
Figure 7D shows that we detected no HMGs in 250
oocytes. Figure 7E is the equivalent analysis of 250 oocytes injected with a total of 150 ng purified HMGs, this
being the amount that 250 oocytes would contain if their
HMGs were in the usual ratio of l/80 relative to chromosomal histones. In fact they have at least 50 times
less than this amount, i.e., not more than 12 pg HMG/
oocyte. Figure 7B shows very weak HMG bands resulting from the analysis of 2000 unfertilized
dejellied eggs.
For comparison, Fig. 7C shows the intense HMG bands
from 2 X lo7 cultured chick cells, since 2000 eggs contain
about the same amount of histone (140 ng per egg;
Woodland and Adamson, 1977) as 2 X lo7 cultured cells.
Again, eggs appear to have at least 50 times less HMG
than would be expected from their histone content.
Since an oocyte nucleus has the same volume as about
100,000 somatic cell nuclei which would contain about
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Bottom

Top

FIG. 6. HMGs are assembled into chromatin, after injection into oocytes before or at the same time as closed circular DNA. Assembly was
assayed by sedimentation as described in Fig. 1. (A) ‘H-SV40 DNA injected alone and analyzed 2 days later; compare with Fig. 1D. (B) ‘*PHMGs were injected into oocyte cytoplasm and allowed to concentrate in the nucleus. After 24 hr, “H-SV40 DNA was injected into the germinal
vesicle. The chromatin was analyzed on Day 3. (C) 3H-pBR 322 DNA and “*P-HMGs were mixed at a ratio of 25:l by weight (DNA:HMGs),
injected into oocytes, and analyzed after 2 days incubation. (D) “P-HMG
injected alone and analyzed 2 days later. (E) HMGs and DNA were
homogenized with oocytes and sedimented directly. (F) As in (C) except that sedimentation
took place in a gradient containing 0.6 M NaCl.

8000 pg HMGs, an oocyte’s concentration
of HMGs is
500-1000 times less than that of a somatic cell. We
should emphasize that our HMG measurements on oocytes do not tell us the HMG content of oocyte chromosomes; even if these were maximally
loaded with
HMGs, the tetraploid chromosome complement would
not contribute significantly
to the values we obtained.

In view of the small endogenous level of HMGs in
oocytes, the specific activity of injected HMGs is likely
to be little affected. We can therefore estimate the number of HMG molecules associated with DNA in oocytes
injected with DNA and HMGs. We obtained values
ranging from 1 HMG molecule per 20 nucleosomes to
1 HMG per 2 nucleosomes. In normal transcriptionally
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FIG. 7. Extracts of proteins; by the HMG procedure (see Materials
and Methods), labeled in uitr-o with N-succinimidyl
propionate, and
analyzed by SDS-acrylamide
gel electrophoresis.
(A) Total egg homogenate, extracted with Freon. (B) 2000 dejellied unfertilized
eggs,
extracted with 0.35 M NaCl; carrier serum albumin was added and
proteins soluble in 2% TCA analyzed. (C) 2 X lo7 cultured chick cells,
extracted as in (B) above. (D:I 250 defolliculated
oocytes, extracted as
in (B) above. (E) 250 defolliculated
oocytes, injected with 150 ng of
unlabeled chick erythrocyte HMG, and extracted as in (B) above. The
small arrow heads indicate the positions in each track of HMG 14
and 17.

active chromatin, there are one or two HMG molecules
per nucleosome. Therefore, although there is considerable variation in the values we have obtained, injected
DNA appears to be assembled in such a way that it is
capable of binding HMG proteins. It is probably associated, on average, withL less HMG protein than is normal transcriptionally
active DNA.
3. Cloned DNAs are assembled in oocytes into a conformation able to bind HMG proteins. The low amount
of HMG which associates with injected DNA raises the
possibility that most of the chromatin formed from injected DNA is in a conformation
which is unable to
accept HMGs. To test this, oocytes were injected with
“‘P-nick-translated
/3-globin-plasmid
DNA, and incubated for 2 days. The extracted nucleoprotein and added
carrier were together digested with micrococcal nuclease; NaCl-depleted mononucleosomes were prepared
and passed through an HMG column according to the
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experimental design indicated in Fig. 4. Figure 8 shows
a typical result, in which the great majority of added
carrier (Xenopus erythrocyte) chromatin passes through
the column without binding, and only about 15% is
eluted with increasing ionic strength. In striking contrast, about 80% of the chromatin formed from injected
DNA bound to the column. This experiment has been
repeated several times with different types of DNA, and
the same result consistently
obtained (Table 3). We
conclude from this unexpected result that nearly all injected DNA is assembled into a structure which, like
that of normal transcribed chromatin, confers the ability to bind HMG proteins.
4. Methylation
causes cloned DNA to be assembled
into an “inactive” state. We now consider what might
cause injected DNA to be assembled into an “active”
conformation.
Is this a consequence of components or
conditions peculiar to oocytes, or a consequence of the
state of the injected DNAs? A general, but by no means
universal, relationship
exists between the methylated
state of DNA and transcriptional
inactivity
(Lindahl,
1981, for a review). Eucaryotic chromosomal DNA is
highly methylated, but is not methylated (at the usual
sites) when cloned and grown in bacteria. We have
therefore attempted to methylate in vitro a sample of
DNA which has been grown in bacteria and ask if this
influences its assembly in oocytes into an HMG binding
or nonbinding structure. We have used HpaII methylase
to methylate as fully as possible the DNAs of pBR 322
plasmid itself and of a pBR 322 plasmid containing the
chick ovalbumin gene. This enzyme will methylate the
sequence CCGG, which occurs unusually commonly in
pBR 322 (24 sites), but not in chick ovalbumin DNA
(0 sites).
DNAs in methylated or unmethylated
form were injected into oocytes. After 2 days nucleoproteins
were
extracted, digested to mononucleosomes by micrococcal
nuclease, and passed through an HMG column. DNA
from the HMG-bound
or unbound fractions was extracted, immobilized as a dot on DBM paper, and then
hybridized to the appropriate 32P-labeled DNA probe.
The results with pBR 322 DNA are shown in Fig. 9. It
can be seen that methylation
of the DNA before injection makes a dramatic difference; nearly all unmethylated pBR DNA is assembled into an HMG-binding
structure, whereas nearly all of the same DNA in methylated form is assembled into nonbinding nucleosomes.
The results with the ovalbumin clone which has no
HpaII sites in the ovalbumin
region (but the usual
amount in its pBR 322 region) were less conclusive but
nevertheless showed a clear effect; 50% of the methylated pBR 322-ovalbumin
DNA behaved as unbound
when probed with this same type of DNA.
The prediction from these results is that most natural
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FIG. 8. An HMG-column
elution profile of “H-adult chick P-globin DNA assembled in injected oocytes. After 48 hr incubation,
oocytes were mixed with chick erythrocyte nuclei and HMG-column
chromatography
was performed as described in the text.

eucaryotic chromosomal DNA, which is highly methylated, would be assembled into a complex which does
not bind HMGs. We have obtained partial support for
this in the following way. [3”P]DNA from Xenopus cultured cells was extracted, sheared to lengths of about
50,000 bases, and injected into oocytes. After nucleoprotein recovery, addition of carrier chick chromatin
and subsequent micrococcal nuclease treatment,
the
material was sedimented through a sucrose gradient. It
is not known whether linear DNA molecules are assembled correctly into nucleosomes as is circular DNA, and
there was no discrete peak of 32P in the mononucleosome
fraction. Nevertheless the 32P-material which cosedimented with the carrier mononucleosomes was passed
through an HMG column. Sixty percent of the counts
were obtained in the unbound fraction. This should be
contrasted with our usual experience that only 15% of
cloned eucaryotic DNA is in the unbound fraction.
We conclude from these results that the methylated
state of DNA has a major effect on the conformation
into which it is assembled in oocytes. If it were possible
to fully methylate eucaryotic DNA in vitro, it seems
likely that this might enable it to be assembled in oocytes into a more natural HMG-nonbinding
state.
5. Transcription

of methylated

and unmethylatedpBR

322 DNA. The transcriptional
activity of methylated
and unmethylated pBR 322 DNA was investigated using

DNA-injected

filter hybridization
(see Materials and Methods). The
same group of oocytes and the same preparations
of
methylated and unmethylated DNA were used as in Fig.
9. [32P]RNA, which had accumulated in oocytes injected
TABLE
HMG COLUMN

3

FRACTIONATION
OF CHROMATIN
FROM DNA-INJECTED
OOCYTES

RECOVERED

HMG column
fractionation
DNA
injected
pBR 322
pBR 322
pov-12
pov-12
pBc@G-3
pBc@G-3

Type of assay”
(No. of samples)
A
B
A
B
A
B

(3)
(4)
(1)
(3)
(3)
(1)

Unbound
(%)
12

5
5
35
8
10

Bound
(%)
80
95
90
65
82
90

a A, nick-translated
[“‘P]DNA
injected, and column fractions assayed by radioactivity.
In this assay, the 0.1 M NaCl fraction is not
included in the table; this accounts for the fact that bound and unbound percentages do not add up to 100. B, unlabeled DNA was injected, and the column fractions assayed by hybridization
of probes
to dot blots. In this case the carrier nuclei were isolated from Xenopus
erythrocytes and the column was quantitated using Xenopus P-globin
(active) or vitellogenin
(inactive) probes. pOV-12, a chick ovalbumin
chromosomal clone; pBcflG-3, a chick globin chromosomal clone.

Oocytes Injected
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FIG. 9. Dot blot analysis of nnethylated and unmethylated
Fractionation
was carried out with added chick erythrocyte

pBR 322 DNA assembled in injected oocytes, and fractionated by HMG columns,
carrier nucleosomes. Hybridization
is to nick-translated
““P-pBR 322.

with each type of DNA, was hybridized to a large excess
of pBR 322 DNA immlobilized on a paper disk; the
amount of radioactivity
which hybridized was determined after extensive washing to eliminate nonspecific
binding. [3H]cRNA transcribed from pBR 322 by E. coli
polymerase was present in each hybridization
reaction
as an internal standard of hybridization
efficiency. The
methylation
of pBR 32f! did not reduce its transcriptional activity (Table 4); in fact, a modest enhancement
was observed. The simpllest interpretation
of this result
is that the methylation
‘of HpaII sites is not sufficient
to cause transcriptional
inactivity, though it is sufficient
to cause nucleosomes to adopt an HMG nonbinding
conformation.
Four possible reserva.tions in interpretation
merit
attention. First, it could .be argued that the methylation
reaction was incomplete and that the transcription
we
observe is due to residual unmethylated
DNA. This is
unlikely, since no unmethylated DNA could be detected
in a digest of a large amount of the template with @aI1
(data not shown). Second, if oocytes had demethylated
the injected DNA, our results would be trivially
explained. However, since DNA which was methylated
TABLE 4
TRANSCRIPTIONOFMETHYLATEDDNA

DNA injected
Unmethylated
Methylated

Percentage
oocyte
[=P]RNA
hybridized
5.8
13

Percentage
[3H]cRNA
hybridized
62
46

INOOCYTES
Percentage
oocyte
[=P]RNA
complementary
to pBR 322
9.3
29

Note. Oocytes were injected with 10 ng pBR 322 DNA and 1 &!i
[“‘P]CTP, and then incubated for 2 days at 19°C. RNA preparation
and hybridization
was as described under Materials and Methods. 3
x lo5 dpm of [32P]RNA from oocytes and 5 X lo5 dpm of [“HJcRNA
synthesized by E. coli RNA polymerase included in each hybridization.

before injection is still resistant to &a11 after injection
(data not shown), this is not the case. Third, it must
be recalled that 10% of the nucleosomes on methylated
pBR 322 DNA do not bind to the HMG column. The
unlikely possibility exists that this residual amount of
DNA accounts for all of the transcriptional
activity.
Although the amount of DNA injected saturates the
oocyte’s transcriptional
capacity, a lo-fold difference in
the quantity of DNA injected would probably have been
detected. Fourth, the transcription
we observe might be
nonphysiological,
in that a bacterial plasmid is being
transcribed by a frog polymerase. We emphasize that
this artificiality
does indeed prevent generalization
to
the effects of methylation
on gene expression in other
systems. Nonetheless, in injected oocytes the transcriptional activity and ability to bind HMGs are separable.
The methylation of &a11 sites which are approximately
l/16 of all CpG sequences seems not to be sufficient to
prevent transcription,
but is sufficient to cause nucleosomes to adopt a conformation
incapable of binding
HMGs.
DISCUSSION

The first part of our results concerns changes in activity undergone by nuclei injected into oocytes. Specific
changes in gene expression recognized by the synthesis
of proteins or RNAs are accompanied by large-scale
changes in chromatin structure which include a volume
increase (with equivalent chromatin dispersion) of up
to 50 times, and a similar increase in RNA synthesis
by individual nuclei. The exceptionally
extended chromosome structure and high transcriptional
activity of
lampbrush chromosomes also suggest that oocytes may
possess some general mechanism for chromatin
dispersal and gene activation. In view of this possibility,
we have tried to identify chromatin
changes which
might be causally connected with oocyte-induced alterations in gene activity. We have found no evidence for
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the removal of histones or HMGs, nor have we detected
any conversion of chromatin toward the HMG-binding,
and usually transcriptionally
active, conformation.
One
interpretation
of this finding is that a general activating
process in oocytes does not include the changes we have
looked for. Another, which we favor, is that activating
changes might be highly selective affecting only certain
regulated genes and that these constitute a small fraction of total chromosomal DNA. It is not at present
technically possible to analyze chromat,in changes affecting single-copy genes in the limited number of complete nuclei which can be injected into oocytes. This
question might be approached by injecting purified DNA
containing cloned eucaryotic genes. However, such sequences are generally transcribed in oocytes by polymerase II, and it is not yet clear how biologically meaningful their transcription
is. This leads us directly to
the second part of the results presented here.
The low rate at which RNA is synthesized from
cloned eucaryotic DNAs injected into oocytes appears
to result from the maximum transcription
of a few molecules of DNA and the total inactivity of the great majority (Trendelenburg and Gurdon, 1978; Trendelenburg
et al., 1980). It was therefore surprising to find that
nearly all injected DNA is assembled into an HMGbinding, “active” conformation,
even though it is seen
by electron microscopy to be untranscribed
and fully
packed with nucleosomes. The assembly of injected
DNA into an HMG-binding
conformation
may be attributed to the undermethylated
state of DNA cloned
in bacteria. We cannot explain why injected DNA in an
HMG-binding
conformation
is not transcribed. In view
of the low content of HMGs in oocytes, it is possible
that most injected DNA does not receive sufficient
HMGs to permit transcription.
When HMGs are injected before or at the same time as DNA, we find considerable variation in the amount that becomes associated with DNA, and further work will be needed to
determine whether added HMGs are sufficient to make
injected DNAs transcriptionally
active. However the
results we have so far obtained clearly suggest that one
reason why injected DNA is transcribed in an unregu
lated way is its undermethylated
state. Our results also
establish clearly a relationship
between undermethylation of DNA and its assembly into an HMG-binding
conformation.
To understand further the molecular events which
determine the activity of nuclei or genes injected into
oocytes, it may be useful to use nucleoprotein complexes
assembled in vitro into well-characterized
conformations. It should be possible in this way to determine
what kinds of chromatin
rearrangement
oocytes can
promote. This approach would have been unpromising
if oocytes had disassembled and rearranged all com-
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plexes introduced. In fact our results have shown the
reverse; oocytes have revealed no capacity to take apart
or rearrange the nucleoprotein complexes tested in these
experiments.
We are indebted to R. A. Laskey, R. M. Harland, D. A. Melton, S.
Kearsey, and C. Dingwall for help during this work or for commenting
on the manuscript, to R. M. Harland and S. Taylor for gifts of Hpa
methylase and a protein kinase subunit. S. Weisbrod was an American
Cancer Society Fellow. M. P. Wickens was a Helen Hay Whitney
Fellow for part of this work.
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