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ABSTRACT Chromatin prepared by gentle methods
from mouse myeloma cells retained its ability to synthe-
size RNA using bound endogenous RNA polymerase (RNA
nucleotidyltransferase; nucleosidetriphosphate:RNA nu-
cleotidyltransferase, EC 2.7.7.6). The transcription re-
sembles that observed in vivo in several respects. The low-
molecular-weight RNA species, 5S RNA and the 4.5S
precursor to 4S RNA, are transcribed accurately and tran-
scription is reinitiated continually in vitro. Their synthe-
sis was not inhibited by a-amanitin (1 ,ug/ml) as was
found previously for these species in isolated nuclei.

Several chromatin-transcription systems for specific genes
were described recently (1-6). Using purified globin cDNA as
the probe and Escherichia coli RNA polymerase (RNA nucle-
otidyltransferase; nucleosidetriphosphate:RNA nucleoti-
dyltransferase, EC 2.7.7.6), Axel, et al. (1) and Gilmour and
Paul (2) found that globin sequences were transcribed from
the chromatin of erythroid tissues but not from the chromatin
of other systems. Steggles et al. (3) have extended these studies
to show that homologous RNA polymerase also transcribes
the globin sequences and these constitute a slightly larger per-
centage of the total product than when E. coli RNA polymer-
ase is used. Astrin (4) and Shih et al. (5) showed that E. coli
RNA polymerase transcribed SV40 viral sequences using
chromatin from SV40 virus-transformed cells as template.
The same strand of SV40 DNA was transcribed both in vivo
and in vitro, whether DNA or chromatin was used as template
(5). Most recently, Jacquet et al. (6) demonstrated the in vitro
synthesis of avian myeloblastosis viral RNA sequences by
nuclei and chromatin isolated from viral-infected chick
myeloblasts.
Such studies, while indicating the accessibility of specific

genes for transcription in chromatin, give little information
about the precision of chain initiation, termination, and cor-
rect DNA strand selection. Indeed, several lines of evidence
suggest that there are differences between in vivo and in vitro
transcription. Using chromatin from Xenopus laevis cells,
Reeder (7) has shown that exogenous RNA polymerase does
not transcribe faithfully the genes for rRNA and 5S RNA.
Both strands of DNA as well as the "spacer" regions, which
normally are not transcribed in vivo are transcribed in vitro.
In addition, while in vivo these genes are transcribed by specific
RNA polymerases, both Xenopus RNA polymerase I and II,
as well as E. coli RNA polymerase, transcribed the chromatin
identically in vitro (8). It seems then, that factors which exer-
cise fine control over in vivo transcription have been lost dur-
ing the isolation of either chromatin or of RNA polymerase.

In facing such concerns, we have concentrated our efforts on
developing an in vitro synthesis system which hopefully will
yield the same transcriptional products as are found in
living cells. We have reported previously that myeloma nuclei
are capable of synthesizing RNA at a high rate (9, 10). The
RNA product resembles nuclear RNA with respect to size
range as determined by sucrose gradient centrifugation and
contains the same specific RNA species as analyzed by gel
electrophoresis. In particular, these nuclei reinitiate con-
tinually the synthesis of 5S RNA and of 4.5S precursor to
tRNA. Other workers have reported faithful transcription of
rRNA in isolated nuclei (11, 12) and of viral-specific RNAs in
nuclei from virus-infected cells (13, 14).
As a step further, we report here the isolation of myeloma

chromatin with high endogenous RNA polymerase activity.
The chromatin faithfully synthesizes specific RNA species,
and 5S genes are transcribed continually in vitro with correct
DNA strand selection. This chromatin, which contains only
half of the nuclear protein and 10% of the nuclear RNA,
promises to be useful for the study of the control of specific
gene expression in eukaryotes.

MATERIALS AND METHODS

Cells. The cells used were 66-2 mouse myeloma cells which
produce a K-chain. They were grown to a concentration of 3
to 5 X 105/ml (9, 10).

Preparation of Chromatin. Nuclei were prepared exactly as
described previously (9). The nuclei were suspended in incuba-
tion medium (25% glycerol, 5 mM Mg++, 5 mM dithiothrei-
tol, 50 mM Tris- HCl at pH 8) at a concentration of 4 to 8 X
107 nuclei per ml (0.4-0.8 mg of DNA per ml) and adjusted to
0.12 M KCl with 2 M KCl. After 3 min at 40 they were cen-
trifuged at 1000 rpm for 3 min. The nuclear pellet was sus-

pended in 10% glycerol, 0.01 M Tris-HCl at pH 8, 1 mM
dithiothreitol, and recentrifuged.
The nuclei were broken during the centrifugation and the

chromatin pellet was suspended with a glass rod in 10%
glycerol, 0.01 M Tris H l at pH 8, 1 mM dithiothreitol, and
recentrifuged. This washing procedure was repeated three to
five times or until the chromatin swelled. The chromatin gel,
at a concentration of 300-700 ,ug of DNA per ml, was sheared
by passing through a 16-gauge needle from a 1 ml syringe 10
times, and then through a 23-gauge needle five times. Less
than 5% contamination by unbroken nuclei was found micro-
scopically. The UV absorption spectra, protein:DNA ratio
(1.9:1-2.1: 1) and electrophoretic protein pattern of the chro-
matin was very similar to that found for myeloma chromatin
prepared by Murphy et al. (15). The RNA components of
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chromatin prepared in this way were identical with these
found in myeloma chromatin prepared by other methods
(manuscript in preparation). Essentially all the ribosomal and
preribosomal RNA was present in the initial wash of the nu-
clei in 0.12 M KC1. Forty to 50% of the nuclear protein and
90% of the RNA was removed during the washing procedures.
Inclusion either of 1 mM EDTA or 1 mM Mg++ in the wash-
ing buffer did not affect the activity. The chromatin was used
immediately since it loses activity within 3 hr at 40 and on
freezing.

Assay of RNA Synthesis. Conditions for RNA synthesis
were as previously described (10). Chromatin was incubated
at 250 in a solution containing 10% glycerol, 25 mM Tris- HCl
at pH 8,5mM Mg++, 1 mM Mn++, 0.12 M KCl, 0.4 mM each
of ATP, UTP, CTP, 0.04 mM [3H]GTP (10 Ci/mmol) and
chromatin (200-500 lug of DNA per ml). The reaction was
terminated with 5 volumes of 1% sodium dodecyl sulfate in
10 mM EDTA. Trichloroacetic acid precipitable counts were
determined as described previously (9).
RNA was prepared from the reaction mixture exactly as

described previously using sodium dodecyl sulfate-phenol at
pH 5. The conditions of analysis of RNA by sucrose gradient
centrifugation and gel electrophoresis have been described (9).
RNA-DNA hybridization to purified Xenopus laevis 5S

DNA prepared as described by Brown et al. (16) was carried
out as described previously (10).
For study of initiation of RNA synthesis, [y-32PJGTP was

synthesized by the method of Glynn and Chappell (17). An im-
portant final step in the purification of [y-32P]GTP was to pass
the preparation over a Norit column in 0.2M HCl, to wash the
Norit with water and elute the GTP with 3% NH40H-70%
ethanol. This step separated the product GTP from the con--
taminants in the commercial 32p preparation. The GTP was
dried, dissolved in water, lyophilized, and then dissolved in
water before use. Chromatin was incubated with both [ Py32P]_
GTP and [3H]GTP. The RNA was purified as usual with the
inclusion of a gel filtration step (Sephadex G-25, 1 M NaCl) to
further remove unincorporated precursors prior to sucrose
gradient centrifugation and gel electrophoresis. To identify
pppGp, the RNA was digested with ribonuclease T, (Calbio-
chem) and the digest chromatographed on polyethylenimine
impregnated-cellulose thin-layer plates (Brinkmann) and de-
veloped with 1.5 M KH2PO4 at pH 3.5 as described by
Cashel and Kalbacher (18).

RESULTS
Effect of conditions of chromatin isolation
on in vitro RNA synthesis

Isolated chromatin incorporated substantial amounts of
[3H]GTP into RNA when incubated at 250 (Fig. 1). The
activity of the chromatin was dependent on the conditions of
isolation. The greatest activity was obtained when chromatin
was isolated by extraction of nuclei with 0.1-0.15 M KCl, and
less activity was obtained when no kCl was included in the
extraction. When the KCl concentration was raised to 0.35 M,
the activity of the chromatin was essentially abolished al-
though all the RNA polymerase remained with the chromatin.
Under the normal extraction conditions (0.12 M KCl) 40-50%
of the nuclear protein and 90% of the nuclear RNA was re-
moved. No increase in activity was found when the extract
was added back to the chromatin isolated by the normal ex-
traction procedure. No RNA polymerase activity was detecta-
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FIG. 1. Synthesis of RNA by chromatin. Chromatin was pre-
pared by different methods and RNA synthesis measured as
described in Materials and Methods. Identical conditions at 250
were used for all assays. -The salt concentration iri the extraction
of nuclei during chromatin preparation was vraried. One pmol
of GMP incorporated 4000 cpm. Four micrograms of DNA were
present in each 0.02 ml assay. O--O, nuclei, O----O, chromatin
prepared by extraction with 0.12 M KC1, * 0, chromatin
prepared by extraction' with 0.12 M KCl and assayed in the
presence of material extracted by 0.12 M. KC1, A A, chro-
matin prepared by extraction with 0.01 M Tris-HCl, A--A,
chromatin prepared by extraction with 0.35M KCl.

ble in the extract when DNA was mixed with the extract.
The RNA synthetic activity of the chromnatin varied from
20-80% of that of the intact nuclei. In all cases, however, the
chromatin synthesized RNA for at least 30 min. The activity

ml
FIG. 2. Analysis of RNA product by sucrose gradient cen-

trifugation. RNA was purified from a chromatin-primed synthe-
sis and analyzed by centrifugation in 10-70% sucrose gradients (9).
Centrifugation was at 22,000 rpm in the SW25.3 rotor for 18 hr
at 250; 0.6 ml fractions were collected and 0.03 ml aliquots
analyzed for trichloroacetic acid precipitable counts.
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FIG. 3. Analysis of RNA by gel electrophoresis. 4-8S RNA
(fractions 2-5, Fig. 2) were analyzed by electrophoresis in 10%
polyacrylamide gels (10). As a marker 32P-labeled 5S rRNA and
4S tRNA were added to the samples. Gels were sliced into 1.8

mm sections and counted. 0 0, 3H in vitro RNA; 0 O, 32p
marker RNA.

of the chromatin was very unstable when compared to the
activity of isolated nuclei and lost activity on freezing and
thawing. The chromatin, like the nuclei, was much more
active at 250 than at 370.

Analysis of chromatin-primned RNA product

The RNA was prepared after synthesis by extraction with
phenol-sodium dodecyl sulfate and analyzed by sucrose den-
sity gradient centrifugation. The RNA was extremely heterog-
eneous in size, ranging up to 28 S (Fig. 2). This is significantly
smaller than the RNA made in isolated nuclei which ranged
up to 45 S in size (9). The smaller size of the RNA products
may have been due to the slight shearing of template chroma-
tin during isolation. The actual size of the DNA, however,
was not measured.
When the low-molecular-weight RNA was analyzed by gel

electrophoresis (Fig. 3), specific RNA species were observed
which were identical to 5S RNA and the 4.5S precursor to
4S RNA. Unlike isolated nuclei which synthesized some 4S
RNA in vitro due to conversion of 4.5S RNA to tRNA (10),
the chromatin in eight different experiments synthesized no
4S RNA, thus indicating that the enzyme responsible for the
conversion was extracted during preparation of the chromatin.
The extended synthesis of 5S and 4.5S RNA suggested that

these species were being reinitiated faithfully and transcribed
continually in vitro. To test this, chromatin was incubated
simultaneously with [,y-32P]GTP and [3H]GTP. On analysis

TABLE 1. 5S RNA synthesized

Time Total synthesis
Condition (min) (%)

Invivo* 30 0.8-1.0
By nuclei* 30 0.25-0.6
By chromatin 0.12M KCI 30 0.6-1.0
By chromatin 0.4 M KCl 30 <0.05
By chromatin 0.12 M KC1 5

0.4 M KCI 25 0.1-0.2

* Data obtained from ref. 10.
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FIG. 4. Initiation of low-molecular-weight RNA in vitro.
Chromatin was incubated in the presence of both [3H]GTP (3
Ci/mmol) and [y-32P]GTP (2.5 Ci/mmol) at low salt (0.15 M
KCl, A and B) and high salt (0.4 M KCl, C). RNA was analyzed
by sucrose gradient centrifugation (A) and 0.08 ml of each 0.6 ml
fraction analyzed for trichloroacetic acid precipitable counts.
4-8S RNA fraction was further examined by electrophoresis in
10% polyacrylamide gel (B) as in Fig. 3. An aliquot of the same

4-8S sample was also analyzed for the presence of pppGp (Fig. t).
RNA synthesis was carried out in the presence of 0.4 M KCl (C).
The position of both conformers of 5 S is indicated.

by sucrose gradients, 32p was only incorporated into 4-8S
RNA, (Fig. 4A). This RNA was further analyzed by acryl-
amide gel electrophoresis (Fig. 4B). Much of the 32p in the
gel was associated with both conformers of 5S RNA (10)
and with 4.5S RNA. The two forms of 5S RNA have also
been observed by Weinberg and Penman and others (24).
When the reaction was carried out in 0.4 M KCl, there was

significant RNA synthesis although no 5S or 4.5S RNA was

detected by acrylamide gel electrophoresis (Fig. 4C). Under

the high salt condition, RNA polymerase is unable to bind

and to initiate new RNA chains although continuation of

chain elongation was not affected. An extensive study on this

point with bacterial RNA polymerase on DNA was reported
by Hyman and Davidson (19), and on chromatin by Cedar
and Felsenfeld (20).
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TABLE 2. Hybridization of chromatin-primed RNA to 5S DNA*

Amount of 5S RNA

DNA ~~~~~~~~~~~~~~~~~~~~~~~~~~in4-8S fractiont
DNA Input Bound 58 competed in_4____________
strand 3H 32p 5S 3H 32p 5S 3H 32P Efficiency Hybrid Gel

5S+ 6500 3000 35 230 6 20 7.7% 7% 8%
5 S 6500 3000 3 2 0 0

* 4-8S RNA (20% of total RNA) from sucrose gradient fractionation of RNA (Fig. 2) was hybridized with separated strands of 5S
DNA from Xenopus laevis as previously described. As an internal standard, "P-labeled 5S RNA was included in the reaction. RNA was
synthesized by chromatin in the presence of a-amanitin (1 ,tg/ml). An aliquot was also analyzed by gel electrophoresis.

t Amount of 5S RNA in the sample was calculated both from the hybridization efficiency and by gel electrophoresis of an aliquot of the
same sample. The results were representative of two independent experiments. Background was subtracted, i.e., for 3H, the instrument
background was 50 cpm and the blank filter background was 5-10 cpm; for 32p, the instrument background was 20 cpm and the blank
filter background was 0-5 cpm. The specific activity of the 5S RNA was 250,000 cpm/ug. One microgram of 5S DNA was on each filter
(50 ng of 5S gene sequence).

To further indicate that synthesis of 5S and 4.5S RNA were
being reinitiated continually, the reaction was carried out at
0.12 M KCl for 5 min and then adjusted to 0.4 M KCl for
25 min. The proportion of 5S product was much lower in this
case than when'the reaction was allowed to proceed for '30
min in 0.12 M KCl. This result further supports the conclusion
that these RNAs were being continually synthesized during
the whole incubation period under optimum conditions.
While the total amount of RNA synthesized from chroma-

tin per ,ug of DNA was somewhat lower than that found with
isolated nuclei, (Fig. 1), the proportion of the RNA that was
5 S was two to three times higher (0.6-1.0%) (Table 1). This
may be due to shearing of the chromatin which might affect
very large genes much more drastically than the smaller 5S
genes. The synthesis of 5S RNA and 4.5S RNA was unaffected
by a low concentration of a-amanitin (1 Mg/ml) although total
incorporation was reduced 30-40%, as was'the case'for the
isolated nuclei (10, 21). This indicates that the 5S and tRNA
genes are not transcribed by RNA polymerase II. We have
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FIG. 5. Identification of pppGp. The RNA sample (4-8S
fraction from Fig. 4A) was dissolved in 0.05 ml of water and 0.025
ml was analyzed by gel electrophoresis (Fig. 4B). The remaining
RNA was divided into two aliquots; 0.015 ml was treated at 370
with 2 gg of T, ribonuclease and then chromatographed on
polyethylenimine impregnated-cellulose developed with 1.5 M
KH3PO4 at pH 3.4. The remaining 0.01 ml was chromatographed
without treatment with Ti. The position of pppGp (prepared by
reaction of the substrate with E. coli polymerase and DNA) and
GTP is marked. *-*, T, treated; 0-- -0, not treated.

not as yet examined the effect of using higher concentrations
of a-amanitin on the synthesis of these RNA species.

Identification of the 5S RNA'product was also identified
by specific hybridization with 5S DNA prepared from
Xenopus laevis (Table' 2). The RNA synthesized in vitro
hybridized with only the plus strand of the 5S DNA. Hybrid-
ization was competed by purified 5S RNA. By including a
32P standard of 5S RNA in the reaction to monitor hybridiza-
tion efficiency the results can be quantitated. Seven to eight
percent of the RNA synthesized by chromatin in the size
range'between 4-8 S was 5S RNA. This approximates to
about 0.6-1% of the total RNA synthesized (Table 1).

Initiation of RNA synthesized in vitro

To examine where the "2P from [ny-"2P]GTP was incorporated
into 5S and 4.5S RNAs, we digested 4-8S RNA (Fig. 4A)
with RNase T, and then analyzed the product by thin-layer
chromatography. Mluch of the 32p in the gel was identified
as pppGp on the chromatogram, and essentially no counts
were found as pppGp without T, digestion (Fig. 5). From the
known specific activities of [32P]GTP and ['H]GTP in the
reaction, and the number of guanosine residues in 5S RNA
(1 terminal and 33 total) (22) the number of molecules
terminated with labeled pppGp could be calculated. Eighty to
100% of the molecules were initiated in vitrot. This result is
in contrast to that obtained with isolated nuclei, where only
10-20% of the 5 S contained labeled pppGp with the pre-
dominant 5' termini being pGp (10). Presumably a pho&-
phatase activity which converts the pppGp terminus to pGp
might also be extracted during chromatin preparation.

DISCUSSION
The experiments reported here demonstrate that faithful
RNA transcription continues in vitro with chromatin pre-
pared by a gentle procedure. Despite removal of much of the
nuclear protein and RNA, the chromatin retained RNA syn-

t The relative specific activity (32P/3H) was 5/6. The relative
counting efficiencies (32P = 100%, 3H = 25%) was 4:1. Hence
for an equal number of molecules, one expected a counting ratio
of 32P: 3H of 3.6:1. However, since only one "2P-disintegration
per 33 3H-disintegration would be expected with 5S RNA, a
32P:3H ratio of 0.12:1 for 100% initiation would be expected.
The observed value was 0.14: 1; it was calculated from the 5S peak
of the gel electrophoresis data in Fig. 4B.
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thetic properties similar to that of isolated nuclei. The major
differences between the two systems were:

(1) The chromatin system was much less stable. Activity
was lost rapidly at 40 and was completely inactivated by
freezing. The activity of the chromatin ranged from 20 to 80%
of that of isolated nuclei.

(2) The RNA product from chromatin was of lower average
molecular weight than the product of isolated nuclei. The
reason for this is not clear, but may be'due to shearing of the
DNA template during isolation. Much of the RNA produced
by nuclei is rRNA which is normally synthesized in the nucleo-
lus. The nucleolus may become disorganized during the prepa-
ration of chromatin, thus resulting, in lower-molecular-weight
RNA being synthesized. However the'low-molecular-weight
RNAs are synthesized accurately.'

(3) No 4S RNA was produced by the chromatin while
some is produced in isolated nuclei. This is undoubtedly due
to extraction of the enzyme responsible for cleaving 4.5S
RNA to 4S RNA during chromatin preparation.
However, the similarities between the chromatin and iso-

lated nuclei were striking. 5S RNA was faithfully transcribed
by a RNA polymerase activity insensitive to a low concentra-
tion of a-amanitin (presumably RNA polymerase III)
(21, 23). Only the correct strand of the DNA was transcribed
and the molecule is reinitiated continually in vitro and ter-
minated correctly. 4.5S RNA was also faithfully transcribed,
as evidenced by gel electrophoresis.
The relative amounts of 5S and 4.5S RNA synthesized by

the chromatin (0.6-1% 5 S 3-10% 4.5 S) are similar to those
made in isolated nuclei (0.25-0.5% 5 S 2-5% 4.5 S) and
in vivo (0.89-1.0% 5 S 4-8% 4.5 S). These genes represent
only a small portion of the DNA in the nucleus [0.001%
5 S and 0.005% 4 S (manuscript in preparation)], and yet
they account for nearly 1000 times that much'RNA. The 45S
ribosomal RNA precursor accounts for 40% of the RNA
synthesized in vivo and in vitro (12). The isolated nuclei and
chromatin are also similar with respect to a-amanitin sensi-
tivity and hybridization to ribosomal DNA (Marzluff and
Huang, unpublished results). Hence, these genes which ac-
count for only about 0.04% of the mouse DNA (manuscript
in preparation),. represent nearly 1000 times that amount of
the RNA product. The fact that the maintenance of this
dramatic' template restriction is continued in vitro is striking,
particularly in the case of 5S and 4.5S RNA where complete
molecules are synthesized. Since the ['y-_2P]GTP was only
incorporated into low-molecular-weight 4-8S RNA (Fig.
4A), much, if not all, of the 18S and '28S ribosomal RNA
synthesis represents elongation of chains initiated in vivo.
In systems composed of chromatin and added purified RNA
polymerase (7, 8) template restriction is not observed, i.e.,
40% of the' RNA sequences are not rRNA; 1% are not 5S
RNA but rather these species are represented more in propor-
tion to their occurrence in DNA (0.Q1-0.03% in 5 S and
<1% is 28 S and 18 S). In addition, in this type of in vitro
system, correct strand selection is not observed and also
"spacer" sequences which are not transcribed in vivo are

transcribed in vitro (7, 8).

5S RNA is transcribed continually from the chromatin
template. The total number of 5S RNA molecules synthesized
was about 500 to 2000 molecules per haploid amount of DNA,
whereas there are about 500 copies of the 5S gene in the mouse
genome (manuscript in preparation). Thus, there is net syn-
thesis of 5S in vitro. Whether this represents continual release
of polymerase and rebinding to the correct site on the DNA
is not clear.. Possibly multiple polymerases had been bound
previously to the correct sites in vivo. It is also unclear how
many of the 5S genes are active.
We do not know the basis for the relatively high activity of

these genes. The isolated polymerases that use chromatin as
a template behave essentially identically to bacterial poly-
merase and do not show this extensive restriction. It is likely
that the structure of the genes in chromatin and their inter-
action with factors other than polymerases result in their great
activity in vitro. This structure may be very labile and is easily
destroyed during routine methods of chromatin preparation.
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