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ABSTRACT We have identified a nuclear matrix-
attachment region within an upstream element of a human H4
histone gene promoter. Nuclear matrix proteins, isolated and
solubilized from HeLa S3 cells, were found to interact with
sequence specificity at this matrix-attachment region. Several
types of assays for protein-DNA interaction showed that the
minimal sequence for the nuclear matrix protein-DNA inter-
action was 5'-TGACGTCCATG-3'; the underlined region cor-
responds to the core consensus sequence for ATF transcription
factor binding. Two proteins with molecular masses of 43 and
54 kDa were identified by UV-crosslinking analysis as integral
components of this protein-DNA complex. The molecular
masses of these proteins and the ATF-binding site consensus
sequence suggest that these proteins are members of the ATF
family. Our results provide direct evidence for nuclear matrix
localization of sequence-specific DNA-binding factors for an
actively transcribed gene. The proximity of a strong positive
transcriptional regulatory element to the matrix-attachment
region of this gene suggests that the nuclear matrix may serve
to localize and concentrate trans-acting factors that facilitate
regulation of gene expression.

The functional diversity of the nuclear matrix is becoming
increasingly apparent. The proteinaceous components are
being better characterized, and evidence continues to accu-
mulate for variations in nuclear matrix protein composition
that reflect cell structure and function (1-3). The nuclear
matrix, originally defined by Berezney and Coffey (4) as the
insoluble skeletal framework within the nucleus, can main-
tain the structural integrity of the nucleus and provides
anchor sites for DNA attachment (5, 6). These anchor sites
have been reported to constrain DNA into loop structures of
'60 kilobases (kb) (7, 8). It is generally acknowledged that
the three-dimensional conformation of chromatin can affect
transcriptional regulation. However, it remains to be estab-
lished how the nuclear matrix supports this organization of
chromatin, and more importantly, the biochemical composi-
tion and sequence specificity of these anchorage sites are
only beginning to be defined (6). The nuclear matrix has also
been reported to have a role in mRNA transcription and
processing via its involvement in attachment and/or associ-
ation with newly transcribed mRNA (9), ribonucleoprotein
particles (10), pre-mRNA splicing machinery (11, 12), and
steroid receptors (13, 14). To attribute structure-function
relationships to these reported associations, it is essential to
characterize the nuclear matrix proteins involved and the
nature of their interactions.
The identification of regions of DNA attachment to the

nuclear matrix [(matrix-attachment regions (MARs)] has

been reported for several genes, including mouse immuno-
globulin K chain (15), rat a2-macroglobulin (16), human
interferon ( (17), several developmentally regulated genes of
Drosophila melanogaster (18), human f3-globin (19), and the
human apolipoprotein B gene (20). There are also data
demonstrating that actively transcribed genes are preferen-
tially associated with the nuclear matrix (21-25). However,
information describing the sequence specificity and the pro-
tein components of these MARs is limited.
To understand the function of MARs, several laboratories

have recently performed transcriptional studies with MAR
elements. The importance of these elements in gene regula-
tion is becoming increasingly apparent. For the chicken
lysozyme gene Stief et al. (26) have described aMAR that can
increase gene expression and is partially orientation depen-
dent and positionally independent with respect to its effect on
the lysozyme transcriptional enhancer. Phi-van et al. (27)
demonstrated that a chicken lysozyme 5' MAR can elevate
expression of a heterologous promoter in different cell types.
Schaack et al. (28) showed that adenovirus DNA is bound to
the nuclear matrix throughout the infection and that this
binding may play a role in viral transcription. Zenk et al. (29)
have described the binding of a 480-base-pair (bp) cloned
DNA fragment from the avian (B-globin gene enhancer to the
nuclear matrix; they also showed that topoisomerase II is not
the protein tightly bound to the DNA. Finally, Blasquez et al.
(30) found that deletion of the intronic immunoglobulin K
MAR led to a decrease in gene expression. Thus, a consensus
appears to emerge that MARs can play an important role in
regulating the level of gene expression.
Our previous studies of the human F0108 histone H4 gene

suggested that a nuclear matrix attachment site is located
within the first 2000 nucleotides (nt) of the promoter. Pauli et
al. (31) found, by "Southwestern" (Southern/immunoblot)
analysis, that upstream fragments from this histone H4
promoter are preferentially associated with the residual nu-
clear structural proteins after histone removal. In addition,
these upstream regions contain consensus sequences that
have been associated with MARs-topoisomerase II cleav-
age sites as well as A-box- and T-box-rich sequences. In the
present study a MAR within a strong positive transcriptional
regulatory element in the upstream promoter of the human
H4 histone gene (K.L.W., S.I.D., P. E. Kroeger, J.L.S., and
G.S.S., unpublished data) was identified by the nuclear
matrix gene reassociation technique of Cockerill and Garrard
(15). Taking advantage of the ability to solubilize nuclear
matrix proteins, we then showed that a subset of these
proteins interacts specifically with sequences within the
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MAR. In addition, the nuclear matrix proteins involved in the
MAR interaction were partially characterized by UV-
crosslinking experiments. Our studies provide direct evi-
dence for localization of sequence-specific DNA-binding
factors to the protein component of the nuclear matrix. We
suggest that the nuclear matrix may serve to localize and
concentrate trans-acting factors that participate in regulation
of gene expression.

METHODS AND MATERIALS
Nuclear Matrix Isolation. The nuclear matrix was isolated

according to the methods of Ornelles et al. (48) from HeLa S3
cells grown in suspension culture at 370C. For protein-DNA
interaction studies, the nuclear matrix preparation was fur-
ther purified by removing the cytoskeletal intermediate-
filament proteins (1). Identification of a MAR in the histone
H4 gene promoter (32) was done as described by Cockerill
and Garrard (15) for the immunoglobulin K gene.

Analyses of Protein-DNA Interactions. Gel-mobility-shift
assays were done according to Staudt et al. (33). Total
nuclear extracts for transcription factor preparations were
isolated according to the method of Dignam et al. (34).
Site-directed base substitution was done according to the
uracil-containing template procedure of Kunkel (35). Foot-
print analysis of the nuclear matrix protein 1 (NMP-1) pro-
tein-DNA complex was done by using the 1,10-phenanthro-
line copper(II) method (36, 37). The DNA was electropho-
resed through a 6% polyacrylamide/7.5 M urea sequencing
gel. Binding conditions for dimethyl sulfate protection ex-
periments were essentially identical to those for the gel-
mobility-shift assay, except that the normal 20-,u1 reaction
was scaled up 5-fold. Maxam and Gilbert sequencing reac-
tions (38) were electrophoresed in adjacent lanes of the gel as
markers. For characterization of nuclear matrix proteins by
DNA-affinity chromatography, the NMP-1 oligonucleotide
was covalently coupled to Sepharose CL-2B beads as de-
scribed by Kadonaga and Tjian (39). The sample fractions
were desalted on PD-10 columns (Pharmacia), concentrated,
and further analyzed by UV crosslinking according to Cho-
dosh et al. (40).
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FIG. 1. Localization ofan in vitro MAR
within the H4 histone gene promoter. (A)
Schematic diagram of the F0108 histone
H4 gene promoter. Restriction fragments
used for in vitro MAR assay and fragment
sizes are indicated. (B) The 141-bp pro-
moter fragment is specifically retained by
the nuclear matrix. A mixture of radiola-
beled histone gene and pUC19 fragments
(65-3900 bp) was incubated with nuclear
matrix preparations and Escherichia coli
competitor DNA. After 2 hr of incubation,
the nuclear matrix preparation was
washed, digested with proteinase K, and
extracted with phenol/chloroform. DNA
fragments were electrophoresed in a 5%
polyacrylamide gel. The fragment located
between -730 and -590 bp upstream from
the cap site was preferentially associated
with the nuclear matrix.

incubated with isolated, solubilized nuclear matrix. The
MAR probe formed one major complex, designated NMP-1,
with the nuclear matrix proteins (Fig. 2).
To define more precisely the 5' and 3' boundaries of nuclear

matrix protein interaction within the MAR, a bidirectional-
deletion analysis was done by labeling either the EcoRI or the
Ban II end of the 141-bp MAR fragment. The fragments were
then digested to obtain progressively shorter probes (see Fig. 5),
which were each used in gel-mobility-shift assays; the results
are shown in Fig. 2. Full-length MAR probe labeled at either the
EcoRI or Ban II site shows the NMP-1 protein-DNA complex
(Fig. 2 A and B, respectively). Digestion of the EcoRI probe
with either Mn! I (-708 nt) or HinfI (-649 nt) did not disrupt

A B

RESULTS
Identification of a Nuclear MAR in the H4 Histone Gene

Promoter. Previous studies have suggested the presence of a
nuclear MAR in the distal promoter of the F0108 human H4
histone gene (31). Moreover, it is known that during expo-
nential growth of HeLa S3 cells the histone H4 gene is
actively transcribed (41). To determine more directly
whether a specific region of the H4 histone gene is prefer-
entially associated with the nuclear matrix when it is actively
transcribed, we used an in vitro MAR assay (15). The H4
histone gene promoter along with pUC19 vector as an inter-
nal control was digested with restriction endonucleases, and
after radiolabeling these fragments, ranging in size from 65 bp
to 3900 bp, were added to nuclear matrices isolated from
exponentially growing cultures of HeLa cells. The bound
DNA fragments were reisolated and separated by PAGE. The
results shown in Fig. 1 demonstrate that the 141-bp EcoRI-
Ban II fragment from the promoter (-730 to -590 bp) is
associated preferentially with the isolated nuclear matrix.

Sequence-Specific Protein-DNA Interactions. Several ap-
proaches were pursued to address the possibility of se-
quence-specific interactions of the 141-bp H4 histone pro-
moter fragment with nuclear matrix proteins. Initially, we
used the gel-mobility-shift assay to determine whether any
protein-DNA interactions existed within this MAR element.
A radioactive DNA probe spanning the region of the pro-
moter between the EcoRI and Ban II restriction sites was

NMP-1 -_-

Banil I I
Mnil _

Hinfli

Hindll w

_ _NMP-1

-- EcoRI
V _O Hindill

W -a HinfI
w0

U

S
FIG. 2. Nuclear matrix protein-DNA interaction within the

141-bp distal promoter element. Gel-mobility-shift assays were used
in conjunction with bidirectional-deletion analysis to determine the
site of nuclear-matrix protein binding within the 141-bp MAR frag-
ment. Probes were labeled at the EcoRl (A) or Ban 11 (B) sites. The
NMP-1 interaction with the probe was localized to the region
between the HinfI and HindIII restriction sites (-649 to -628 bp).

Cell Biology: Dworetzky et al.



4180 Cell Biology: Dworetzky et al.

the interaction, whereas digestion of the probe with HindIll
(-628 nt) eliminated binding. As seen in Fig. 2B, the Ban
II-labeled probe supported NMP-1 complex formation when
digested with HindIII (-628 nt) but not when digested with
HinfI (-649 nt). These results clearly localize the protein-DNA
interaction site between the HindIII and HinfI restriction sites.
Intensity of the NMP-1 complex is less when the probes are
digested with either HindIII or Hinfl, suggesting that these
sequences play a role in the stability of the complex.
To demonstrate sequence specificity of the protein-DNA

interaction within the 141-bp H4 histone promoter fragment,
the NMP-1 complex was subjected to 1,10-phenanthroline
copper(II) cleavage analysis. Results ofthe footprint analysis
are shown in Fig. 3A. The banding pattern of the DNA from
the NMP-1 complex, when compared with that of free probe,
revealed a protected region from -630 nt to -644 nt, between
the HindIII and HinfI restriction sites; this result confirmed
the binding site identified by bidirectional-deletion analysis.
To define the NMP-1-binding sequence with single nucle-

otide resolution, dimethyl sulfate fingerprinting experiments
were done; the results are shown in Fig. 3B. Comparison of
the complexed (Bound) and free probe samples shows that
three guanine residues (-636, -637, and -640) were specif-
ically protected from methylation and cleavage by formation
of the NMP-1-DNA complex. This nucleotide sequence falls
between the HindIII and HinfI restriction sites and coincides
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FIG. 3. Identification of the NMP-1 protein-DNA interaction
site. (A) Phenanthroline copper(II) cleavage protection. The se-

quence-specific interaction of NMP-1 with the MAR fragment of the
H4 promoter was determined by phenanthroline copper(II) footprint
analysis. Comparison ofthe Free and Bound lanes shows that NMP-1
binds specifically to sequences between the HinfI and HindIII
restriction sites of the 141-bp promoter fragment. The protected
region is indicated at right. (B) Identification of specific guanine
residue contacts. Single-nucleotide interactions of NMP-1 on the
lower strand were established at guanine residues -636, -637, and
-640 by dimethyl sulfate protection analysis of the gel-shifted
protein-DNA complex. The recognition-binding sequence is
GGACGICA (lower strand), which contains the core consensus

sequence for the ATF family of transcription factors (underlined).
Lanes: G, guanine sequence ladder; Bound, probe complexed with
protein; Free, free probe.

with the phenanthroline copper(II) footprint. These results
show that NMP-1 specifically binds to the MAR within the
minimal sequence motif 5'-TGACGTCCATG-3'. Analysis of
the upper strand revealed guanine contacts at -633, -639,
and -642 (data not shown). Interestingly, examination of the
NMP-1-binding site revealed a core ATF transcription factor
consensus sequence (42) within the interaction domain. Fig.
4 summarizes the guanine nucleotide contacts and the ATF-
binding consensus sequence.
NMP-1 Binds to an ATF Consensus Sequence. Site-directed

base substitution and competition assays were done to define
further the binding-site requirement for the NMP-1 complex.
Formation of the NMP-1 complex was specifically reduced
by an oligonucleotide containing the NMP-1-binding site
sequence (-653 nt to -627 nt), but was not changed by an
oligonucleotide containing the Spl consensus binding site
(data not shown). To verify that the ATF-related sequence
identified by dimethyl sulfate protection and footprint anal-
ysis (see above) was required for NMP-1 binding, oligonu-
cleotide site-directed mutagenesis was used to introduce a
mutation in which 5'-TGACG-3' was altered to 5'-TGATC-3'.
When this mutated DNA probe was used with nuclear matrix
extracts in the gel-mobility-shift assay (Fig. SA), the NMP-1
complex was formed with the wild-type probe but was not
found with the mutated probe. These results indicate that the
ATF consensus sequence is necessary for formation of the
NMP-1 complex with the MAR DNA fragment. The lower
bands seen in this and other NMP-1 gel-shift assays appear to
be breakdown products of the NMP-1 complex, as they are
specifically reduced by an NMP-1 oligonucleotide and are not
formed when the NMP-1 mutated probe is used.
When transcription factor extracts prepared by the method

of Dignam et al. (34) were used with the MAR probe, a more
complex pattern of protein-DNA interactions was seen (Fig.
5B). To determine whether these complexes were related, we
used the mutated MAR probe. Fig. SB shows that the mutated
probe did not support formation of the NMP-1 like complex
from the soluble extract. Further studies have shown that the
NMP-1-like complex from the soluble extract has the same
pattern of guanine residue contacts with the MAR probe as
does the NMP-1 complex (K.L.W., S.I.D., J.L.S., G.S.S.,
unpublished data). These results indicate that the NMP-1
protein(s) can be isolated by high salt extraction of nuclei,
perhaps by releasing these proteins from the nuclear matrix.

Proteins of 43 kDa and 54 kDa Are Involved in MAR
Binding. To characterize the protein composition of the
NMP-1 complex, we carried out UV-crosslinking experi-
ments to label NMP-1 proteins selectively based on their
specific binding to the MAR in the H4 histone gene promoter.
Thus it was possible to determine the molecular masses ofthe
nuclear matrix proteins involved in binding. The probe was
prepared by synthesizing the complementary strand of the
141-bp MAR fragment in the presence ofbromodeoxyuridine
triphosphate and [a-32P]dCTP. The labeled probe was incu-
bated with nuclear matrix proteins and then UV-irradiated for
increased amounts of time. The complex pattern of
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FIG. 4. Schematic representation of the NMP-1-binding element.
The guanine nucleotide contacts are shown for both strands (C), and
the ATF consensus sequence is underlined.
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the NMP-1 oligonucleotide covalently coupled to Sepharose
beads. Fractions containing NMP-1-binding activity were
pooled. When this partially purified NMP-1 fraction was used
for UV-crosslinking analysis (Fig. 6B), the same protein
bands were identified, and both were specifically eliminated
by the NMP-1 competitor oligonucleotide. These results
clearly demonstrate that two nuclear matrix proteins of 43
and 54 kDa are involved in formation of the NMP-1 complex
with an ATF-related sequence in the MAR fragment ofthe H4
histone gene promoter.

NMP-1_- .M

_b_
FIG. 5. Protein-DNA interactions of the MAR fragment with

nuclear matrix proteins and high salt nuclear extracts. Gel-mobility-
shift analyses show that the NMP-1 interaction is found in high salt
extracts of isolated nuclei (B) as well as in the nuclear matrix protein
fraction (A). Site-directed mutation of the NMP-1-binding site
(TGACGTCC to TGATCTCC) abolished the NMP-1 interaction in
both the nuclear matrix (A) and high salt nuclear extracts (B). Lanes:
WT, wild-type MAR fragment used as probe; Mut, probe with
mutation of the ATF consensus sequence.

crosslinked protein bands seen on the gel (Fig. 6A) was both
UV and protein dependent because no bands were formed in
control reactions in which protein or UV irradiation was
omitted. To determine which ofthe multiple bands comprised
the NMP-1 complex, NMP-1 and nonspecific oligonucleo-
tides were used as competitors in the binding reaction.
Proteins corresponding to 43 kDa and 54 kDa were specifi-
cally eliminated by excess unlabeled NMP-1 oligonucleotide,
indicating that they are part of the NMP-1 complex.
The NMP-1 complex was partially purified from the nu-

clear matrix protein fraction by affinity chromatography with
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FIG. 6. Characterization of NMP-1 by UV crosslinking to the
MAR fragment. Nuclear matrix extracts (A) or partially purified
NMP-1 fraction from an oligonucleotide-affinity column (B) were

UV-crosslinked with the distal MAR element. The period of UV
illumination is indicated in minutes. The lower two bands in A
(arrows) are the only ones specifically eliminated by the NMP-1
oligonucleotide. These two bands are formed with the partially
purified fraction (B) and represent proteins of 43 and 54 kDa.

DISCUSSION
The nuclear matrix has been postulated to play a fundamental
role in the structural organization ofDNA within the nucleus.
Furthermore, two lines of evidence indicate that the nuclear
matrix may be involved in transcriptional regulation of gene
expression: (i) Composition of a subset of the nuclear matrix
proteins has been shown to be cell-type specific (1, 3). (ii) A
functional relationship between nuclear matrix proteins and
transcriptional control is further suggested by progressive
modifications in the complement of these proteins in parallel
with changes in gene expression during cell differentiation
(2).
One key issue in defining the structural and functional

properties of the nuclear matrix relative to transcriptional
regulation is to provide a link between the MARs and the
transcriptional activity of a gene. In other words, can the
MAR serve as a positive regulator of transcription when the
gene is associated with the nuclear matrix? We have ap-
proached the problem by first localizing a MAR within the
first 1 kb ofthe F0108 human H4 histone gene promoter. The
ability to solubilize the protein components of the nuclear
matrix provided the basis for directly studying protein-DNA
interactions by using the defined MAR. The physical asso-
ciation with protein components of the nuclear matrix was
characterized by using several criteria, including gel-
mobility-shift assay, phenanthroline copper(II) and dimethyl
sulfate protection experiments, and site-directed mutagene-
sis. These studies clearly demonstrate that nuclear matrix
proteins bind with sequence specificity to the human histone
H4 gene promoter.
The minimal sequence motif for NMP-1 interaction within

the MAR was determined to be 5'-TGACGTCCATG-3'; the
TGACG element represents the core consensus sequence for
the ATF family of transcription factors (42). This fact raises
several interesting possibilities. (i) The MAR lies within a
strong activator region of the H4 histone promoter identified
by both in vivo and in vitro transcriptional analysis of deletion
mutants (ref. 32; K.L.W., P. E. Kroeger, J.L.S., G.S.S.,
unpublished data). (ii) The molecular masses of the proteins
involved in the NMP-1 complex, 43 kDa and 54 kDa, are
similar to those of two previously characterized ATF tran-
scription factors (43), in addition to binding to the ATF core
consensus sequence. Thus, our results indicate that some
members of the ATF transcription factor family are nuclear
matrix proteins. When nuclear transcription factor extracts
were prepared by high salt extraction, similar NMP-1 binding
was observed with the MAR fragment. This result suggests
that the nuclear matrix could, in fact, be localizing and/or
concentrating transcription factors that are solubilized from
the nuclear matrix during high salt extraction. Interestingly,
Zhu et al. (44) purified from a high salt extract a 43-kDa
ATF-related transcription factor required for rat somato-
statin gene expression that recognizes the sequence 5'-
TGACGTCA-3', a seven of eight match with our NMP-1
element.
At least two classes of DNA-binding proteins appear to be

associated with the nuclear matrix, both contributing to the
transcriptional properties of active genes. The attachment

A B

w

Cell Biology: Dworetzky et al.



4182 Cell Biology: Dworetzky et al.

region-binding protein recently described by von Kries et al.
(6) displays characteristics consistent with a role for this
protein in the generation of functional chromatin loop do-
mains. However, the attachment region-binding protein does
not recognize a defined sequence; rather, it is an abundant
nuclear protein that binds 200- to 350-bp MARs containing
multiple T-rich sequence motifs. Thus the attachment region-
binding protein appears to serve primarily a structural role in
matrix-chromatin interactions.
Another protein that may serve primarily a structural role

in matrix association is the adenovirus terminal protein.
Schaack et al. (28) have shown by mutational analysis that the
terminal protein, which is covalently attached to the 5' ends
of adenovirus DNA, mediates the tight binding of the DNA
to the nuclear matrix. Terminal protein mutants also display
reduced transcriptional efficiency for the adenovirus early
genes, which cannot be complemented by coinfection with
wild-type virus. These results suggest that association of
DNA to the nuclear matrix may have a critical role in
adenovirus transcription. Interestingly, Feldman and Nevins
(45) have shown that the adenovirus E1Aa transcription
regulatory protein also is present in the nuclear-matrix frac-
tion in infected cells. However, it is unclear whether E1Aa
has a direct structural role in attachment of adenovirus DNA
to the matrix.
NMP-1 appears to represent a second type ofDNA-binding

protein associated with the nuclear matrix. NMP-1 exhibits
sequence-specific interactions with an H4 histone promoter
regulatory element contained within a MAR. Thus, NMP-1
may be representative of a class of nuclear matrix-associated
factors directly involved in transcriptional control. The
NMP-1 complex was also found in nuclear matrix prepara-
tions from proliferating osteoblasts in which the H4 histone
gene is actively transcribed (46, 47), but this complex was no
longer seen in differentiated cells after down-regulation of
histone gene transcription (unpublished observations).
Taken together, these findings suggest that the nuclear matrix
could serve as a site for assembly of factors that render the
promoter competent to support the initiation of transcription.
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Birth Defects Foundation (1-1091).

1. Fey, E. G. & Penman, S. (1988) Proc. Natl. Acad. Sci. USA 85,
121-125.

2. Dworetzky, S. I., Fey, E. G., Penman, S., Lian, J. B., Stein,
J. L. & Stein, G. S. (1990) Proc. Natl. Acad. Sci. USA 87,
4605-4609.

3. Stuurman, N., Meijne, A. M. I., van der Pol, A. J., de Jong,
L., van Driel, R. & van Renswoude, J. (1990) J. Biol. Chem.
265, 5460-5465.

4. Berezney, R. & Coffey, D. S. (1974) Biochem. Biophys. Res.
Commun. 60, 1410-1417.

5. Pienta, K. J. & Coffey, D. S. (1984) J. Cell Sci. Suppl. 1,
123-135.

6. von Kries, J. P., Buhrmester, H. & StWatling, W. H. (1990) Cell
64, 123-135.

7. Pardoll, D. M., Vogelstein, B. & Coffey, D. S. (1980) Cell 19,
527-536.

8. Vogelstein, B., Pardoll, D. M. & Coffey, D. S. (1980) Cell 22,
79-85.

9. Jackson, D. A., McCready, S. J. & Cook, P. R. (1981) Nature
(London) 292, 552-555.

10. Fey, E. G., Krochmalnic, G. & Penman, S. (1986) J. Cell Biol.
102, 1654-1665.

11. Zeitlen, S., Parent, A., Silverstein, S. & Efstratiadis, A. (1987)
Mol. Cell. Biol. 7, 111-120.

12. Smith, H. C., Harris, S. G., Zillman, M. & Berget, S. M. (1989)
Exp. Cell Res. 182, 521-533.

13. Kumara-Siri, M. H., Shapiro, L. H. & Surks, M. I. (1986) J.
Biol. Chem. 261, 2844-2852.

14. Barrack, E. R. & Coffey, D. S. (1983) in Gene Regulation by
SteroidHormones 11, eds. Roy, A. K. & Clark, J. M. (Springer,
New York), pp. 239-266.

15. Cockerill, P. N. & Garrard, W. T. (1986) Cell 44, 273-282.
16. Ito, T. & Sakaki, Y. (1987) Biochem. Biophys. Res. Commun.

149, 449-454.
17. Bode, J. & Maass, K. (1988) Biochemistry 27, 4706-4711.
18. Gasser, S. M. & Laemmli, U. K. (1986) Cell 46, 521-530.
19. Jarmann, A. P. & Higgs, D. R. (1988) EMBO J. 7, 3337-3344.
20. Levy-Wilson, B. & Fortier, C. (1989) J. Biol. Chem. 254,

211%-21204.
21. Nelkin, B. D., Pardoll, D. M. & Vogelstein, B. (1980) Nucleic

Acids Res. 8, 5623-5633.
22. Robinson, S. I., Nelkin, B. D. & Vogelstein, B. (1982) Cell 28,

99-106.
23. Ciejek, E., Tsai, M. H. & O'Malley, B. W. (1983) Nature

(London) 307, 607-609.
24. Ogata, N. (1990) Biochem. J. 267, 385-390.
25. Buttyan, R. & Olsson, C. A. (1986) Biochem. Biophys. Res.

Commun. 138, 1334-1340.
26. Stief, A., Winter, D. M., Stratling, W. H. & Sippel, A. E.

(1989) Nature (London) 341, 343-345.
27. Phi-Van, L., von Kries, J. P., Ostertag, W. & Stratling, W. H.

(1990) Mol. Cell. Biol. 10, 2302-2307.
28. Schaack, J., Ho, W. Y., Freimuth, P. & Shenk, T. (1990) Genes

Dev. 4, 1197-1208.
29. Zenk, D. W., Ginder, G. D. & Brotherton, T. W. (1990) Bio-

chemistry 29, 5221-5226.
30. Blasquez, V. C., Xu, M., Moses, S. C. & Garrard, W. T. (1989)

J. Biol. Chem. 264, 21183-21189.
31. Pauli, U., Chiu, J. F., Ditullio, P., Kroeger, P., Shalhoub, V.,

Rowe, T., Stein, G. & Stein, J. (1989) J. Cell. Physiol. 139,
320-328.

32. Kroeger, P., Stewart, C., Schaap, T., van Wijnen, A., Hirsh-
man, J., Helms, S., Stein, G. & Stein, J. (1987) Proc. Nail.
Acad. Sci. USA 84, 3982-3986.

33. Staudt, L. M., Singh, H., Sen, R., Wirth, T., Sharp, P. &
Baltimore, D. (1986) Nature (London) 323, 640-643.

34. Dignam, J. D., Lebovitz, R. M. & Roeder, R. G. (1983) Nu-
cleic Acids Res. 11, 1475-1489.

35. Kunkel, T. A. (1985) Proc. Nail. Acad. Sci. USA 82, 488-492.
36. Kuwabara, M. D. & Sigman, D. S. (1987) Biochemistry 26,

7234-7238.
37. Sigman, D. S., Graham, D. R., D'Aurora, V. & Stem, A. M.

(1979) J. Biol. Chem. 254, 12269-12272.
38. Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 65,

499-560.
39. Kadonaga, J. T. & Tjian, R. (1986) Proc. Natl. Acad. Sci. USA

83, 5889-5893.
40. Chodosh, L. A., Carthew, R. W. & Sharp, P. A. (1986) Mol.

Cell. Biol. 6, 4723-4733.
41. Baumbach, L. L., Stein, G. S. & Stein, J. L. (1987) Biochem-

istry 26, 6178-6187.
42. Hai, T., Liu, F., Allegretto, E. A., Karin, M. & Green, M. R.

(1988) Genes Dev. 2, 1216-1226.
43. Hai, T., Liu, F., Coukos, W. J. & Green, M. R. (1989) Genes

Dev. 3, 2083-2090.
44. Zhu, Z., Andrisani, 0. M., Pot, D. A. & Dixon, J. E. (1989) J.

Biol. Chem. 264, 6550-6556.
45. Feldman, L. T. & Nevins, S. R. (1983) Mol. Cell. Biol. 3,

829-838.
46. Owen, T. A., Aronow, M., Shalhoub, V., Barone, L. M.,

Wilming, L., Tassinari, M. S., Kennedy, M. B., Pockwinse,
S., Lian, J. B. & Stein, G. S. (1990) J. Cell. Physiol. 143,
420-430.

47. Owen, T. A., Holthuis, J., Markose, E., van Wijnen, A. J.,
Wolfe, S. A., Grimes, S., Lian, J. B. & Stein, G. S. (1990)
Proc. Nail. Acad. Sci. USA 87, 5129-5133.

48. Ornelles, D. A., Fey, E. G., & Penman, S. (1986) Mol. Cell.
Biol. 6, 1650-1662.

Proc. Natl. Acad Sci. USA 89 (1992)


