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Transcription activation and repression of eukaryotic genes are associated with conformational and topo-
logical changes of the DNA and chromatin, altering the spectrum of proteins associated with an active gene.
Segments of the human c-myc gene possessing non-B structure in vivo were located with enzymatic and
chemical probes. Sites hypersensitive to cleavage with the single-strand-specific S1 nuclease or the single-
strand-selective agent potassium permanganate included the major promoters P1 and P2 as well as the far
upstream sequence element (FUSE) and CT elements, which bind, respectively, the single-strand-specific
factors FUSE-binding protein and heterogeneous nuclear ribonucleoprotein K in vitro. Active and inactive
c-myc genes yielded different patterns of S1 nuclease and permanganate sensitivity, indicating alternative
chromatin configurations of active and silent genes. The melting of specific cis elements of active c-myc genes
in vivo suggested that transcriptionally associated torsional strain might assist strand separation and facilitate
factor binding. Therefore, the interaction of FUSE-binding protein and heterogeneous nuclear ribonucleopro-
tein K with supercoiled DNA was studied. Remarkably, both proteins recognize their respective elements
torsionally strained but not as linear duplexes. Single-strand- or supercoil-dependent gene regulatory proteins

may directly link alterations in DNA conformation and topology with changes in gene expression.

Growing evidence suggests that regulatory DNA is not a
static matrix but in fact suffers torsional and flexural stress and
strain as molecules interact, translocate, rotate, and writhe
during the process of transcription (39). Prokaryotic systems
and in vitro model systems constructed from prokaryotic com-
ponents have been used to demonstrate that distortion of the
double helix during transcription leads to local and global
changes in DNA conformation. Hairpin extrusion, DNA melt-
ing, Z-DNA formation, and supercoiling have all been shown
to be consequences of topological strain (14, 39, 67). Several
processes which oppose or accommodate these B-DNA dis-
ruptive forces have evolved; such processes involve topoi-
somerases, nucleosomes, matrix attachment proteins, and sin-
gle-stranded DNA-binding proteins (24). The in vivo steady-
state balance between B-DNA, unusual DNA structures, and
transcription remains to be explored. Although transcription-
ally generated torsion may be a molecular waste product, to be
dissipated or disposed of, it is also conceivable that mecha-
nisms exist to measure and harvest energy or information
stored in these altered configurations. Several observations
suggest that such mechanisms may operate on the c-myc gene.

The c-myc proto-oncogene, encoding a b-ZIP helix-loop-
helix transcription factor and a key regulator of cell growth,
differentiation, and death, is controlled by numerous hor-
mones, growth factors, pharmacologic agents, and biological
conditions (52, 56; for reviews, see references 34 and 40). No
simple pattern describes the response of the c-myc gene to
multiple signals, nor has a satisfying model emerged to suggest
how these multiple signals converge and are integrated to set
the levels of c-myc expression (16, 57, 58). Many specific in-
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teractions have been identified, both in vivo and in vitro, be-
tween a host of proteins and a bewildering array of c-myc DNA
sequences. In addition to conventional transcription factors
bearing DNA binding and effector domains (12, 20, 31, 41, 45,
61, 70), several sequence-specific, single-stranded-DNA-bind-
ing proteins have been suggested to regulate c-myc expression
through upstream sequences. These include far upstream se-
quence element (FUSE)-binding protein (FBP), heteroge-
neous nuclear ribonucleoprotein (hnRNP) K, cellular nucleic
acid-binding protein (CNBP), purl, MSSP-1, and MSSP-2 (9,
10, 18, 41, 42, 60, 62, 64). The proposed action of these pro-
teins appears to require melting of c-myc regulatory elements,
thereby coupling this action to DNA conformation. Reports of
analyses of c-myc single-stranded DNA and Z-DNA in vivo, as
well as perturbation of c-myc expression by topoisomerase
inhibitors, evoke the notion that DNA topology and confor-
mation may help to govern c-myc expression (1, 4, 46, 67).
Indicative of alterations in chromatin, changes in DNase I
hypersensitivity within and flanking the c-myc gene have cor-
related the physical state of the c-myc gene with its expression
(6, 22, 54). The intensity of cleavage at some sites parallels the
synthesis of c-myc RNA, whereas other sites are constitutive
(6, 7, 51, 53, 54). Although hypersensitivity at the P1 and P2
promoters almost certainly reflects the presence of bound
RNA polymerase (68), at the remaining hypersensitive sites,
neither the configuration of the DNA nor the identities of the
associated factors have been established.

FUSE and the CT region, at positions —1500 and —100,
respectively, upstream of the human c-myc gene, are cis ele-
ments which increase c-myc promoter activity in transfection
assays (3, 61). Biochemical studies to identify the factors rec-
ognizing these elements have yielded the sequence-specific
single-stranded DNA-binding proteins FBP as well as hnRNP
K and CNBP, which recognize opposite strands of the CT
element (18, 41, 62). Coexpression of these proteins with re-
porters either possessing or lacking the appropriate cis element
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has demonstrated their ability to augment specific gene expres-
sion. If c-myc expression is regulated by these and other single-
stranded-DNA-binding proteins, then some c-myc cis elements
must assume single-stranded conformation in vivo. Although
previous studies have revealed sites sensitive to the single-
strand-specific nuclease S1 in the chromatin associated with
some promoter regions (30, 38), neither the molecules nor the
mechanisms generating S1 sensitivity in vivo have been eluci-
dated. A reliable chemical approach to assess the conforma-
tional state of promoters in vivo has been developed (29, 50).
The present work applies similar enzymatic and chemical
probes to analyze the human c-myc promoters and upstream
sequences associated with sequence-specific single-stranded-
DNA-binding proteins. To determine the particular molecules
and mechanisms associated with melting in upstream se-
quences, the relationship between specific factor binding, tran-
scription, and topology was explored in vivo and in vitro. The
ramifications of regulatory factors which could directly affect
transcription, conformation, and topology are discussed.

MATERIALS AND METHODS

Cell culture. Stock cultures of HL60, HeLa, U937, and IMR32 cells were
grown according to American Type Culture Collection specifications. All cells
were maintained in either 100-ml monolayer cultures in T-175 flasks or 500-ml
spinner cultures in the appropriate media. HL60, U937, RF266C3, and MA76
cells were grown in RPMI supplemented with 10% (vol/vol) fetal calf serum.
HeLa and IMR32 cells were grown in Eagle’s minimal essential medium sup-
plemented with 10% (vol/vol) fetal calf serum. Cell densities were kept below
10%/ml.

DNase I treatment of isolated nuclei. Nuclei were isolated as described pre-
viously (54), with the following modifications. After cell disruption in nuclear
isolation buffer [300 mM sucrose, 15 mM NaCl, 60 mM KCl, 5 mM MgCl,, 20
mM Tris-HCl (pH 7.8), 1 mM ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 0.5 mM phe-
nylmethylsulfonyl fluoride] supplemented with 0.2% Nonidet P-40, nuclei were
washed several times in cold nuclear isolation buffer. Nuclei were resuspended at
4 X 107/ml in cold nuclear isolation buffer supplemented with 5% glycerol and
placed in tubes in 500-pl aliquots. Samples then received the indicated amounts
of DNase I (Worthington), each added in a 20-pl aliquot of 100 mM CaCl,—20
mM MgClL,. Nuclei were digested and DNA was purified as described previously
(54).

S1 nuclease treatment of isolated nuclei. Isolated nuclei were prepared as
described above. After cell disruption, nuclei were washed in cold phosphate-
buffered saline (PBS) and washed three times in cold S1 nuclease digestion buffer
(30 mM sodium acetate, 3 mM ZnCl,, 1 mM EDTA [pH 4.5]). Nuclei were then
resuspended at a concentration of 4 X 107/ml in S1 nuclease digestion buffer
prewarmed to 37°C and placed in tubes in 500-pl aliquots. The indicated amount
of S1 nuclease (Boehringer Mannheim), or Tris-EDTA for the 0-U control, was
added, and samples were digested for 30 min at 37°C. DNA was purified as
described above.

Southern blot analysis. Purified DNase I- or S1 nuclease-treated genomic
DNA was digested with HindIII and SstI (New England Biolabs) as recom-
mended by the supplier. To adjust for the amplified c-myc copy number in HL60
cells, 2 wg of HL60 DNA and 20 pg of IMR32 DNA were used in restriction
digestions. Southern analysis was performed as described previously (2), using a
610-bp RsrII-SstI gel-purified c-myc genomic restriction fragment specific for
intron I as the probe. The fragment was random-prime labeled by using a
Gibco-BRL random-prime labeling kit and [a-**P]dCTP (6,000 Ci/mmol; New
England Nuclear) to a specific activity of >10° cpm/.g. Approximately 107 cpm
of probe per ml was added to the prehybridization buffer, and blots were hy-
bridized overnight at 42°C. Blots were washed in 0.5X SSC (1X SSC is 0.15 M
NaCl plus 0.015 sodium citrate)-1% sodium dodecyl sulfate (SDS) at 65°C and
exposed to either Kodak XAR-5 or BIOMAX film for autoradiography.

Protein expression and electrophoretic mobility shift assays. Recombinant
protein was purified from extracts of Escherichia coli transformed with plasmid
pGEX-FBP, pGEX-FBP;.,, pGEX-FBP,,,, pGEX-hnRNP K, or pGEX-
CNBP on a glutathione-agarose matrix (Sigma). Spl was purchased from Pro-
mega. Glutathione S-transferase (GST) was purified from cells carrying plasmid
pGEX-2T with no insert. Recombinant proteins were eluted from glutathione
beads in 20 mM glutathione and checked by SDS-polyacrylamide gel electro-
phoresis for purity, correct size, and concentration. Construct pGEX-FBP, , ,
contains an FBP fragment specific for residues 103 to 267 of the full-length
protein. Construct pGEX-FBP5, , contains an FBP fragment specific for resi-
dues 278 to 474 of the full-length protein.

Electrophoretic mobility shift assays were performed as described previously
(18), with the following modifications. The indicated recombinant protein and
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TABLE 1. Primer sets for LMPCR

Primers for: Sequences

FUSE top strand.......(— 1448) CGCTTCGACTCAGCTAGTTGC (- 1468)
ACTCAGCTAGTTGCCCAGCCCCA
GCTAGTTGCCCAGCCCCACACATGAT

FUSE bottom
Strand .....c.veeeeeeneennen (—1654) TTTGGAGGTGGTGGAGGGAG (—1635)

GAGGTGGTGGAGGGAGAGAAAAG
GGTGGAGGGAGAGAAAAGTTTACTTAAAATGCC

CT top strand............. (—9) GTCCAGACCCTCGCATT (—25)
AGACCCTCGCATTATAAAGGGCC
GCATTATAAAGGGCCGGTGGGCGGAG

CT bottom strand .....(—234) GGTAGGCGCGCGTAGTT (-218)
GGCGCGCGTAGTTAATTCATGCG
GCGCGTAGTTATTCATGCGGCTCTC

P2 bottom strand ......(+94) TTGGCGGGAAAAAGAAC (+110)
GGCGGGAAAAAGAACGGAGGGAG
AAAGAACGGAGGGAGGGATCGCGCTG

labeled probe (0.05 ng) were incubated in 10 pl of binding buffer [20 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; pH 8.0), 100 mM
NaCl, 1 mg of bovine serum albumin (BSA) per ml, 5% glycerol, 1 mM DTT, 10
ng of poly(dI-dC) per ml] for 30 min at 0°C. Probes were prepared by 5’ end
labeling synthetic oligonucleotides with T4 DNA kinase in the presence of
[y-**P]ATP, and the two probes were adjusted to the same specific activity. After the
binding reaction, samples were resolved on an 8% native polyacrylamide gel and run
at 4°C. The 3’ FUSE noncoding-strand oligonucleotide was 5'-GATCCTATATTC
CCTCGGGATTTTTTATTTTGT-3', encompassing positions —1554 to —1525; the
5" FUSE noncoding-strand oligonucleotide was 5'-GATCTTTTTTATTTTGTGT
TATTCCACGGCATGAAAAACAA-3', corresponding to positions —1577 to
—1541 of c-myc. Nonspecific oligonucleotide 1, used as competitor with the 3' probe,
was 5'-AATTCTCCTCCCCACCTTCCCCACCCCTCCCCA-3', corresponding to
the top strand of the CT region (—153 to —116), relative to P1. Nonspecific oligo-
nucleotide 2, used as a competitor with the 5’ probe, was 5'-GGCCGAATTACTA
CAGCGAGTTAGATAAAGCCCCGAAAACCGGGTTTTATACCTTC-3', cor-
responding to a modified segment of the bottom strand of the P2 region from +178
to 131, relative to P1.

In vivo and in vitro KMnO, treatment and DNA isolation. Potassium per-
manganate (KMnO,) modification of whole cells and naked genomic DNA
samples was performed exactly as described previously (18). For plasmid reac-
tions, recombinant protein (0.4 to 4 pg) was incubated with 10 ng of either
supercoiled or Hindlll-linearized plasmid DNA. The plasmid was a 3.3-kb
HindIII-SstI genomic c-myc fragment cloned into a pUC derivative and has been
described in detail elsewhere (18). Recombinant proteins were all GST fusion
proteins prepared as described above, except for Sp1, which was obtained from
Promega. Plasmid DNA was incubated with the appropriate recombinant protein
in 60 pl of binding buffer (20 mM HEPES [pH 8.0], 5 mM NaCl, 100 ng of BSA
per ml, 0.5 mM EDTA, 1 mM DTT) for 15 min at room temperature. Reaction
mixtures for Spl, hnRNP K, and CNBP were also supplemented with 50 puM
ZnCl,. KMnO, was added for 30 s on ice to a final concentration of 25 mM, and
reactions were stopped by addition of an equal volume of stop buffer lacking
SDS. Modified DNA was cleaved with piperidine and purified as described
above, with the modification that carrier tRNA was added to a final concentra-
tion of 100 pwg/ml. DNA was resuspended in Tris-EDTA, and 100 pg was used for
ligation-mediated PCR (LMPCR).

LMPCR. LMPCR was performed by the method of Garrity and Wold (26),
with the following modifications. To 3 pg (5 pl) of DNA was added 25 pl of a
1.2X master mix (12 mM Tris-HCI [pH 8.8], 48 mM NaCl, 6 mM MgCl,, 0.012%
BSA, 240 pM each nucleoside triphosphate, 2 pmol of gene-specific primer 1, 0.5
U of Vent DNA polymerase [New England Biolabs]). Following the initial
primer extension step, reactions were extracted with phenol-chloroform (1:1)
and subjected to ethanol precipitation in 2.5 M ammonium acetate. Samples
were resuspended in 75 pl of ligation solution (50 mM Tris-HCI [pH 7.6], 10 mM
MgCl,, 3 mM ATP, 1 mM DTT, 5% polyethylene glycol 8000, 100 pmol of
unidirectional linker, 3 U of T4 DNA ligase [Boehringer Mannheim]) and incu-
bated for 4 h at room temperature. After the labeling step, samples were ex-
tracted with phenol-chloroform (1:1), ethanol precipitated, dried, and resus-
pended in formamide loading dye. Equal numbers of counts were loaded onto
either 6 or 8% sequencing gels and visualized by autoradiography.

Primer sets for LMPCR. See Table 1.

Mapping of nucleosomes. Nuclei were isolated essentially according to a nu-
clear run-on protocol (23). A total of 2 X 107 nuclei in 200 pl of buffer (30 mM
Tris-HCI [pH 8.3], 150 mM KCl, 10 mM CaCl,, 5 mM MgCl,, 20% glycerol, 0.05
mM EDTA) were incubated for increasing periods of times with 3 U of micro-
coccal nuclease (Sigma, Deisenhofen, Germany). The reaction was stopped by
the addition of 10 pl of 0.5 M EDTA. DNA was purified and cut with the
indicated restriction enzymes. DNA fragments were separated in a 2% agarose
gel, transferred to a nylon membrane, and hybridized with multiprime-labeled
PCR probes as described previously (48). DNA probes were generated by PCR,
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using specific primers of the c-myc gene locus. The following primer pairs were
used (primer positions refer to the sequence of Gazin et al. [27] and are given in
the order sense-antisense): probe 1, 242 to 265-292 to 315; probe 2, 830 to
853-1153 to 1177; and probe 3, 1153 to 1177-1343 to 1367. PCR fragments were
multiprime labeled with [«->*P]CTP.

RESULTS

DNase I and S1 nuclease sites colocalize in the chromatin of
the human c-myc gene. If single-stranded-DNA-binding pro-
teins help to regulate c-myc expression, then some c-myc cis
elements should display single-stranded character in vivo. To
identify candidate single-stranded regions of the c-myc gene,
nuclei from HL60 promonomyelocytic leukemia cells contain-
ing an amplified copy of the c-myc gene and overexpressing
c-myc were isolated and treated with single-strand-specific S1
nuclease (66). S1-hypersensitive sites were revealed by South-
ern blot analysis and indirect end labeling (Fig. 1) (69). Be-
cause of the breadth of the hypersensitive sites, and because
both strands must be cleaved to generate a band, S1 sensitivity
may result from localized melting of a DNA segment.

The patterns of S1 and DNase I sensitivity were directly
compared to determine if they were manifestations of similar
phenomena. The locations of DNase I-hypersensitive sites I,
I1,, IL,, III,, and III, were confirmed (Fig. 1, lane 2). Every
DNase I-hypersensitive site was also an S1-hypersensitive site
(Fig. 1; compare lanes 2 and 6). (Note that the diffuse mor-
phology of S1 nuclease sensitivity in the II, region might indi-
cate conformational changes detected better with S1 nuclease
than with DNase I. Accordingly, we refer to this zone as site
II,-11,, to emphasize a distinction in specificity between S1
nuclease and DNase 1.) Another S1-sensitive site in the same
vicinity was designated II,. Most of the S1 nuclease and
DNase I hypersensitivities corresponded roughly with se-
quences defined as candidate cis elements through the binding
in vitro of sequence-specific single-stranded-DNA-binding
proteins, including MSSP-1, MSSP-2, FUSE, and the CT ele-
ment, as well as promoters P1 and P2 (Fig. 1). Hypersensitive
site II,, though regulated and intense, has been less well char-
acterized (55).

DNase I hypersensitivity at some sites is coregulated with
c-myc expression (21, 54). To determine if S1 nuclease hyper-
sensitivity was also related to c-myc expression, we compared
the digestion patterns of c-myc-expressing HL60 leukemia cells
and c-myc-repressed, N-myc-amplified IMR32 neuroblastoma
cells. The previous observation that IMR32 cells are com-
pletely devoid of c-myc message was confirmed (Fig. 1, inset).
Moreover, the c-myc alleles are neither amplified nor rear-
ranged; therefore, cell line IMR32 is an excellent model with
which to study c-myc repression (25, 35). The c-myc chromatin
structure differed between the leukemia and neuroblastoma
cells. Two HL60 S1-hypersensitive sites (I1I,-11,, and II,; also
seen in U937 cells [data not shown]) are lost in IMR32 cells;
one (site II,-11,,) corresponds approximately to the location of
FUSE (Fig. 1, lanes 7 and 8). The association of S1 nuclease
with DNase I hypersensitivity may be more general, as similar
observations have been reported for the chicken globin gene,
in which S1 and DNase I nuclease-hypersensitive sites colocal-
ize and correlate with globin expression (38). The similar pat-
terns of DNase I and S1 digestion, despite different pH optima,
indicate that hypersensitivity to the latter is not due to expo-
sure of nuclei to pH 4.5.

Nucleosome structure at FUSE is disrupted in cells with an
activated c-myc. Specific sites upstream of c-myc become sus-
ceptible to cleavage by S1 nuclease or DNase I when the gene
is expressed. To determine if the nucleosome array along the
c-myc gene might be similarly perturbed with expression, the
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FIG. 1. Comparison of DNase I and S1 nuclease sensitivities in the 5" regu-
latory regions of human c-myc in HL60 and IMR32 cells. Isolated nuclei were
treated with increasing amounts of either DNase I or S1 nuclease. DNA was then
purified, digested with HindIII and Sstl, fractionated on a 1% agarose gel,
transferred to a nylon membrane, and probed with an RsrII-SstI c-myc fragment
specific for intron I. To normalize for c-myc copy number, 2 pg of HL60 DNA
and 20 pg of IMR32 DNA were loaded. The locations of DNase I-hypersensitive
(HS) I to 11, as well as the FUSE and CT regions were assigned by reference to
Haelll fragments of X DNA and HindIII fragments of A\ DNA, which were used
as molecular weight markers (not shown). These sites are schematically repre-
sented at the bottom. Additionally, S1 nuclease sites IIy-IT;, and II; are desig-
nated and explained in further detail in the text. The asterisk by site II, indicates
that it is specific for S1 nuclease. (Inset) IMR32 cells produce FBP but no c-myc
mRNA. IMR32, HL60, and U937 total RNAs were purified, size fractionated on
a formaldehyde-agarose gel, transferred to nitrocellulose, and probed succes-
sively with the indicated cDNA probes.

chromatin structures of the c-myc genes in two closely related
and well-characterized B-cell lines were compared (59). Both
cell lines carry ~30 episomal copies of a stably transfected
human c-myc gene. In the first line, RF266C3, c-myc has been
placed adjacent to the k-3’ enhancer, allowing c-myc expres-
sion after stimulation with sodium butyrate. The c-myc con-
struct in MA76 cells lacks the k-3’ enhancer and fails to ex-
press c-myc, even after treatment with sodium butyrate (59).
Many features of c-myc nucleosomal architecture are shared by
these two cell lines. For example, hybridization with probe 1
(Fig. 2H) revealed a ladder after micrococcal nuclease diges-
tion (Fig. 2A and B, lanes 5). In both cell lines, cleavage with
HindIII truncated the nucleosomal ladder after two steps (Fig.
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FIG. 2. Nucleosomal structure of the c-myc P2 promoter upstream region. Chromatin of RF266C3 and MA76 nuclei was cut to various extents with micrococcal
nuclease. DNA was purified, cut with the indicated restriction enzymes (lanes 1 to 3), separated on a 2% agarose gel, transferred to a nylon membrane, and hybridized
with probe 1 (A and B), probe 2 (C and D), and probe 3 (E and F). Probes are PCR fragments labeled by multiprime reaction. (G) Ethidium bromide-stained gel before

transfer. (H) Map depicting the positions of nucleosomes. M, marker fragments.

2A and B, lanes 2). Therefore, the nucleosomes removed map
upstream of the HindIlI site. The lack of visualization of more
than two nucleosomes downstream of the HindIII site, using
probe 1, was due to complete micrococcal nuclease cutting at
hypersensitive site I (position 440 [Fig. 2H]).

In contrast, hybridization with probe 2 revealed a remark-
able difference in micrococcal nuclease sensitivity between the
cells capable of expressing c-myc (RF266C3) and those in
which c-myc was silent (MA76). Cleavage of the DNA with
Kpnl and subsequent hybridization with probe 2 detected five
evenly spaced nucleosomes in MA76 cells (Fig. 2D, lane 2) but
only three in RF266C3 cells because of lack of cleavage be-
tween nucleosomes 3 and 5 (Fig. 2C, lane 2). The disrupted
chromatin in RF266C3 encompassed the FUSE region.

The resistance of the region between nucleosomes 3 and 5 to
micrococcal nuclease in RF266C3 cells was confirmed by hy-
bridization with probe 3. A regular ladder of six nucleosomes
was detected by this probe in MA76 cells (Fig. 2F, lane 5).
Because digestion with Clal removed nucleosomes 3 through
6, this restriction site must lie between the probe and the
nucleosomes removed. Again, in the nuclei of RF266C3 cells,
micrococcal nuclease cutting was blocked between nucleo-
somes 3 and 5. Once again, the relevant hybridizations were
eliminated by Clal digestion, thus mapping the altered chro-
matin to the FUSE region. With both cell lines, the residual
chromatin ladder visualized after cutting with Clal terminated
in the vicinity of DNase I-hypersensitive site II,. This region

was almost quantitatively sensitive to micrococcal nuclease in
RF266C3 cells (Fig. 2E, lane 2) but was partially resistant in
MAT76 cells (Fig. 2F, lane 2). These data indicate the existence
of a peculiar chromatin structure between nucleosomes 3 and
5 in cells carrying c-myc adjacent to the k-3’ enhancer. The
correlation between altered sensitivity of discrete segments of
c-myc chromatin to nuclease cleavage and c-myc expression
required further investigation with more sensitive and precise
methods to examine the structures of specific cis elements.
FUSE is melted only in cells which express c-myc. Are S1
nuclease-hypersensitive sites locally melted DNA complexed
with protein (perhaps specific trans factors), or do they result
from some other DNA perturbation? Several sequence-spe-
cific single-stranded DNA-binding proteins have been shown
to interact with the c-myc upstream sequence in vitro. These
proteins include FBP (which binds to FUSE) and hnRNP K
and CNBP (which bind to the top and bottom strands of the
CT element, respectively). If these proteins bind to their re-
spective cis elements as single strands in vivo, this altered
conformation should react with potassium permanganate. The
fine structure of each of these elements was examined by po-
tassium permanganate modification linked to LMPCR (Mate-
rials and Methods). Potassium permanganate, which preferen-
tially oxidizes unpaired thymines, has emerged as an important
tool with which to analyze open or altered DNA conformations
(29, 43, 50). DNA is subsequently cleaved at the modified
residues with piperidine followed by visualization of the strand
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FIG. 3. FUSE is melted only in cells which express c-myc. (A) The bottom strand of FUSE is undisturbed in vivo in cells not expressing c-myc. Log-phase U937
and HeLa cells (which express c-myc) or IMR32 cells (which do not express c-myc) as well as naked genomic DNA were treated with 25 mM KMnO, for 30 s at 0°C.
DNA was then purified and treated with piperidine to cleave at the modified bases. Strand breaks were visualized by LMPCR with FUSE bottom-strand primers
(Materials and Methods). Pyrimidine ladders were generated by hydrazine modification of human c-myc DNA followed by piperidine treatment and LMPCR (47). The
Aval site was displayed by cleavage with Aval followed by LMPCR. Hyperreactive residues are marked by triangles; hyporeactive residues are marked by squares.
Numbering is relative to P1. (B) KMnO, reactivity on the FUSE bottom strand in vivo correlates with c-myc expression. Reactions were prepared and run as described
for panel A, with FUSE top-strand primers. Hypersensitivities in U937 and HeLa chromatin relative to naked genomic DNA are indicated by triangles. (C) Sequence
summary of KMnO, modifications to FUSE. Designations are identical to those described above. The Aval site is boxed and shown for reference.

breaks by LMPCR, thus providing analysis of chromatin struc-
ture with single-nucleotide resolution. For these studies, a cell
line with one c-myc gene per genome was studied to avoid
complications due to the potential for microheterogeneity in
the promoter of the repeated copies in HL60 cells. Addition-
ally, the sensitivity of PCR obviates any advantage of elevated
copy number exploited for Southern blot analysis. Therefore,
subsequent experiments were performed with U937 monocytic
leukemia cells in addition to IMR32 neuroblastoma cells, both
of which contain the c-myc locus as a single unrearranged copy
per haploid genome.

Proliferating cells or naked genomic DNA was treated with
KMnO, in vivo or in vitro, respectively, and the modified bases
were mapped and compared with reference pyrimidine (C+T)

or purine (A+G) ladders. The bottom strand (the noncoding
or template strand for a c-myc transcript) of FUSE displays
both hyporeactive and hyperreactive bases in cells that express
c-myc (Fig. 3A, lanes 1, 2, 7, and 8). The same in vivo pattern
was present in HeLa cells, in which c-myc expression is high
and the c-myc gene is present as a single copy (Fig. 3A, lanes
7 and 8), including the protection of three guanine residues
(—1537, —1538, and —1539) that are reactive in naked DNA.
This unusual but not unprecedented KMnO, modification of
guanines may be due to an altered conformation at this site
(18, 28). Other changes that are common to both U937 and
HelLa cells are summarized at the left of Fig. 3A and in Fig. 3C.
In vitro, FBP binds only to the bottom strand and shows no
affinity for the top strand, consistent with the KMnO,, reactivity
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of FUSE in vivo (18). None of the KMnO,-induced changes
seen in either U937 or HeLa cells are present in IMR32 cells.
In fact, with minor exceptions, the in vivo pattern of base
modifications in IMR32 cells is identical with that of naked,
genomic DNA (Fig. 3A, lanes 3 and 4).

The top strand (the coding strand or the same strand as an
RNA transcript) of the FUSE site in U937 in vivo displays
increased KMnO, reactivity compared with purified genomic
DNA (Fig. 3B, lanes 1 and 2). U937 and HeLa samples display
similar KMnO,, in vivo footprints (Fig. 3B, lanes 7 and 8).
These hypersensitivities correspond to thymines at —1540,
—1529, —1527, —1522, —1520, —1518, —1515, —1511, —15009,
—1505, and —1500 and cytosines at —1539 and — 1538, relative
to P1. In contrast, the oxidation pattern of the FUSE region in
IMR32 cells, lacking c-myc RNA, was almost indistinguishable
from that of naked DNA (Fig. 3B, lanes 3 and 4). Changes are
summarized in Fig. 3C. Taken together, these data suggest a
mechanism relating open c-myc chromatin structure, single-
stranded features at the FUSE site, and c-myc expression.

Why was the FUSE in a duplex form in IMR32 neuroblas-
toma cells? Either the factors which bind and stabilize single-
stranded FUSE are missing in IMR32 or these factors are
present but the FUSE site is locked in a configuration that is
incompatible with single-strand-recognizing proteins. As
strong evidence suggests that FBP mediates FUSE function in
vivo (18), electrophoretic mobility shift assays and Northern
(RNA) analysis were performed with IMR32 whole-cell ex-
tracts and RNA, respectively, to determine if the vacancy of
the FUSE site is due to the lack of FBP. Indeed, IMR32 cells
express both FBP mRNA and FBP which bound to FUSE in
vitro (Fig. 1, inset, and data not shown); therefore, if FBP
mediates FUSE activity, then either FUSE or FBP must be
rendered incompetent to interact with the other in IMR32 (see
below).

Repressed c-myc promoters adopt a novel conformation.
The sensitivity of P1 and P2 to S1 nuclease in neuroblastoma
cells suggested that these promoters are not duplex. If an
arrested elongation complex is responsible for c-myc repres-
sion in neuroblastoma cells, then the pattern of KMnO, reac-
tivity in these cells should resemble that seen in cells which
express c-myc. Alternatively, a distinct KMnO, profile would
indicate that other mechanisms contribute to c-myc repression
in IMR32 cells. The in vivo KMnO, reactions with P1 in
IMR32 cells indicated that the region is unwound or distorted
but distinct from P1 in U937 cells. On the bottom (template)
strand, a number of cleavages were seen in U937 cells, map-
ping to thymines —25, —19, —10, —3, +1, and +8 as well as
cytosine —17, relative to the RNA start site at P1 (Fig. 4A,
lanes 1 and 2). None of these changes were detected in neu-
roblastoma cells (lanes 3 and 4), but a pattern distinct from
either that of U937 cells or naked DNA was generated (sum-
marized in Fig. 4C).

To determine whether the differences between repressed
and activated c-myc genes were manifested at both promoters,
similar experiments characterized P2 and generated equivalent
results. The pattern of reactivity in U937 cells was almost
identical to that reported for HL60 (37). (The greater hyper-
sensitivity in U937 than in HL60 of thymines +14, +15, +20,
+32, and +62, relative to P2, most likely reflects increased
resolution due to utilization of primers closer to P2.) These
data highlighting the differences between neuroblastoma and
U937 cells are summarized in Fig. 4C. The top (coding) strand
was not studied because of a lack of thymine residues in this
region. Thus, the two cell lines exhibit very different under-
wound structures at the promoter sites. It appears that three
states of the major c-myc promoters exist: active, repressed,
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and unoccupied. The last state, while not seen in this study, was
noted previously following prolonged differentiation of HL60
cells (37).

Sequence-specific single-stranded-DNA-binding proteins
target and melt the FUSE and CT regions in supercoiled DNA.
The results described above indicated that several discrete
segments of unwound or distorted DNA occur at defined sites
in the c-myc gene. At promoters complexed with active or
stalled RNA polymerase, this result is expected. More peculiar,
however, are the regulated upstream single-stranded elements.
Why are these sites melted when c-myc is expressed? One
possible hypothesis relates these single-stranded elements with
factors binding to single-stranded DNA. Actively transcribing
genes accrue positive supercoils ahead of moving transcription
complexes and negative supercoils behind (39). Regions of
negative superhelical tension melt more easily. Thus, transcrip-
tion can have a profound effect on the conformation of chro-
matin and may be a driving force in the creation of single-
stranded or open upstream regions, thereby facilitating the
binding of single-stranded-DNA-binding factors such as FBP
or hnRNP K to their cognate sequences. Support of this hy-
pothesis came from a recent study showing that FBP imparts
mung bean nuclease sensitivity within FUSE when the DNA is
supercoiled but not when it is relaxed (5). If the binding of
these proteins to torsionally strained DNA in vitro is biologi-
cally significant, then the in vivo and in vitro patterns of
KMnO, at FUSE should be similar. To address this issue,
recombinant FBP, which binds to the bottom strand of FUSE
in vitro, was incubated with either linear or supercoiled plas-
mid DNA containing the 3.3-kb HindIII-SstI genomic c-myc
fragment (Materials and Methods). Protein-DNA mixtures
were exposed to KMnO, and subjected to LMPCR. As shown
in Fig. 5A, lanes 1 and 3, FBP dramatically increased the
KMnO, reactivity on the top strand of a 72-nucleotide segment
only in supercoiled DNA (compare lanes 3 and 5). Different
lengths of exposure to KMnO, had little effect on the footprint.
GST alone had no effect on the reactivity of this segment
(lanes 2 and 4). The conformational changes induced by FBP
in vitro were highly related to pattern features of FUSE mod-
ification seen in vivo (Fig. 5B, lanes 3 and 4). Both the margins
of the single-stranded region and the profile of the reactive
bases were largely equivalent, differing only by suppression of
reactivity at a few bases in vivo relative to in vitro.

The lower strand of FUSE is bound by FBP in vitro and
displays a mixture of protection from permanganate oxidation
and hypersensitivity in vivo (Fig. 5C, lane 6). This pattern was
largely recapitulated with the in vitro assay (Fig. 5C, lane 3).
Three guanine residues (—1539, —1538, and —1537) within the
Aval recognition sequence, reactive in vitro with naked linear
or supercoiled plasmid DNA but protected in vivo, were also
protected in vitro by FBP but not by GST. Many of the bases
reactive or protected in vivo were similarly affected in vitro by
the binding of FBP. These changes are summarized in Fig. 5D.
These data strongly suggest that FBP is indeed bound to the
FUSE site in vivo. Although occasional KMnO ,-specific cleav-
ages appeared with naked supercoiled DNA but not with linear
plasmid, the vast majority of modifications were protein spe-
cific (compare lanes 1 and 2). Thus, supercoil-induced confor-
mational changes may serve as a nidus from which FBP opens
duplex DNA.

FBP has separable DNA binding domains with separate
specificities. The central domain of FBP consists of four reg-
ularly spaced units, each constituted by a variant of a KH
motif, followed by a short spacer and an amphipathic helix (18)
(Fig. 6B). FBP units 3 and 4 (FBP,,,) bind tightly to a 33-
nucleotide sequence (Fig. 6B), totally enveloped within the



2662 MICHELOTTI ET AL.

A
]
N ° .§ 3
= 2 = i
PN N = = =
2 =2 S O3
DU >
o 20 =
2 2 € g€
= 2 E Z 0
c
T 4
c
G
G
G
G
L
P1 — c
c
T4
c
a
G
c
c
G
T4
c
c
a
G
A
c
cd
c
Td
c
G
c
A
T
T <
A
¢ |TATA
a
A
A
1 2 3 4 5 6
Cc

-31 +13
*

. . WPl ;

|
p1  CTTTATAATGCGAGGGTCTGGACGGCTGAGG | ACCCCCGAGCTGT
GARATATTACGCTCCCAGACCTGCCGACTCC | TGGGGECTCGACA
OA OCALO A A AO A

-12 P2 . +I|50

P2 —

* * *

|
P2 GGGGCTTTATCT F&. TCGCT (;TAGTMTTCCAGCGAGAGGCAGAGGGAGCGAGCGGGCGGCCGGCTAGGGTGGAAGAGCC

MoL. CELL. BIOL.

IMR32, in vitro

5o - AP R Y BERE 0 R S /T Ladder

U937, in vivo

o
2
-
3
o
o
5
Lo
;

|
3

L]
A

i°®e

A

A

4-+30

A A

A

AA

o
5
=2
-
=
B
[
[»q)
=
=]
.
I

1

e

QPHHQAPOOQQAPOPHOPHHEPFQAOHAQOHOHOAQHAHRAONHEAQOHO

o i

4

+

CCCCGAAATAGA | TTGAGCGACATCATTAAGGTCGCTCTCCGTCTCCCTCGCTCGCCCGCCGGCCGATCCCACCTTCTCGS
A AAocAAcch A A

© oMo A

FIG. 4. Distinct conformations in expressed or silent c-myc at promoters P1 and P2. (A) Distinct conformation of expressed and silent c-myc P1 promoter bottom
(template) strand in vivo. CT bottom-strand primers were used to more closely analyze KMnO, reactivity of P1. Lane designations and symbols are as in Fig. 3.
Hyperreactive residues in IMR32 cells are marked by circles. (B) Distinct conformation of expressed and silent c-myc P2 promoter bottom (template) strand in vivo.
P2 bottom-strand primers were used to more closely analyze KMnO, reactivity of P2. Lane designations are as in Fig. 3. Shaded triangles indicate the locations of
KMnO, hypersensitivity described previously (37). (C) Sequence summary of KMnO, modifications at P1 and P2. Designations are as described above. Arrows indicate

the start of transcription.

72-nucleotide found melted in vivo and opened by FBP in
vitro. In contrast, proteins derived from FBP possessing only
units 1 and 2 (FBP,,,) had almost no affinity for this 33-
nucleotide sequence. The larger segment of DNA rendered
susceptible to chemical modification by FBP in vitro predicted
FBP-DNA interactions extending upstream of the 33-nucleo-
tide segment. Reasoning that these additional interactions

might be mediated by units 1 and 2, we performed KMnO, in
vitro assays with the separated DNA binding domains (FBP, , ,
and FBP;, ,) as well as full-length FBP. As shown in Fig. 5B,
lane 5, FBP;, , generated only the most downstream hyper-
sensitivities, relative to the full-length protein. If FBP;_,
bound only to the downstream portion of FUSE, were units 1
and 2 recognizing the upstream portion (Fig. SE)? Unlike
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FIG. 5. FBP binds to FUSE in supercoiled but not linear DNA. (A) Recombinant GST-FBP (rFBP; 3.9 ug) or GST (0.95 pg) was incubated with either supercoiled
or linear plasmid containing a 3.3-kb HindIII-SstI fragment of the human c-myc 5’ regulatory region. Samples were then exposed to 25 mM KMnO, for 30 s on ice
and subjected to piperidine treatment and LMPCR with FUSE top-strand oligonucleotides. Triangles indicate hyperreactivity present in supercoiled plasmid DNA
relative to GST or linear plasmid DNA controls. (B) FBP;, 4 opens the 3’ half of FUSE relative to full-length FBP. Equimolar amounts of full-length FBP (3.9 pg),
FBP;, 4 (2.0 pg), and FBP,,, (1.9 ug) were incubated with either linear or supercoiled plasmid. U937 DNA, treated in vivo or in vitro, is included for comparison.
Closed triangles indicate hyperreactivity present both in U937 chromatin and in plasmid; shaded triangles indicate hyperreactivity not shared by in vivo and in vitro
samples. (C) FBP in vitro both protects and induces KMnO, cleavages at specific residues on the FUSE bottom strand, similar to what is seen in vivo. FUSE
bottom-strand oligonucleotides were used to analyze the FUSE bottom strand. To facilitate comparison, reactions were run alongside U937 DNA treated in vivo or
genomic DNA treated in vitro. Protections are indicated by squares. Other designations are as described above. (D) Summary of KMnQ, modifications at FUSE. Designations
are as described above. The Aval site is boxed for reference. The solid bar indicates residues that are KMnO, reactive with FBP; , , protein; the open bar indicates residues
unreactive to FBP; ., relative to full-length FBP; R indicates residues of reduced KMnO, reactivity with FBP; 4 relative to full-length FBP. (E) Schematic representation of
the results in panel B showing FBP;, s-induced KMnO, modifications to only the 3" portion of FUSE, suggesting an FBP, ,, interaction with the 5" portion of FUSE.
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FIG. 6. FBP has separable DNA binding domains with different specificities. (A) FBP,, , and FBP; 4, have affinities for 5" and 3’ portions of FUSE, respectively.
Recombinant GST-FBP5_, (10 ng), GST-FBP, ., (80 ng), and GST—full-length FBP (5 ng) fusion proteins were incubated with either the 5" or 3’ FUSE 32P-labeled
oligonucleotide probe in a typical binding reaction. Proteins were incubated with probe or a combination of probe and a 200-fold molar excess of unlabeled competitor.
DNA-protein complexes were separated from free probe (free) on an 8% nondenaturing polyacrylamide gel at 4°C and visualized by autoradiography. The upper
portion shows a longer exposure to facilitate visualization of the specific FBP, , , shifts (indicated by arrowheads). The square indicates a less specific FBP, , , shift. (B)
Sequences of the single-stranded oligonucleotide probes used in the electrophoretic mobility shift assay and schematic representation of FBP. Hatching indicates
glycine-rich segments; solid boxes indicate FBP repeats; shaded boxes represent amphipathic helices; open boxes represent spacer regions (18). The sequences of the
nonspecific oligonucleotides and preparation of the recombinant proteins are specified in Materials and Methods.

FBP; . ,, FBP,,, could not bind to FUSE in supercoiled du-
plex (Fig. 5C, lane 6) because of either an inability to melt
DNA or the complete absence of FUSE recognition. To dis-
tinguish between these possibilities, FBP, , , and FBP,_ , were
compared with respect to relative binding to upstream and
downstream segments of FUSE bottom-strand sequence (Fig.

6B). FBP;_, , (as well as the full-length protein) bound specif-
ically to the downstream 3’ 33-mer probe (Fig. 6A, lanes 2 to
4 and 15 to 17) but only nonspecifically to the upstream 5’
probe (Fig. 6A, lanes 6 to 8 and 18 to 20). Conversely, FBP, , ,
bound specifically only to the upstream 5’ probe, not to the
downstream 3’ probe (compare lanes 9 to 11 and lanes 12 to
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14). However, 15-fold more FBP, . , than FBP,_, , was required
for specific complex formation, indicating that units 1 and 2
possess lower affinity for DNA (all of the DNA-protein com-
plexes formed with FBP, , , reacted with anti-GST, eliminating
the possibility of weak binding to a contaminating protein [data
not shown]). As expected, the full-length protein behaves as a
composite of FBP,,, and FBP,_, (Fig. 6A, lanes 15 to 20).
Thus, separable segments of FBP interact with adjacent se-
quences in single-stranded DNA, but native coupling between
units is necessary to open and bind the full FUSE region and
to generate the chemical reactivity seen in vivo in cells which
eXpress c-myc.

hnRNP K associates with and opens the CT element in
supercoiled DNA. FBP and hnRNP K have homology in their
respective DNA binding domains (termed K homology), and
both proteins bind their cognate sequences as single strands in
vitro (18, 63). Moreover, the c-myc cis elements to which these
factors bind (FUSE and the CT element) display S1 hypersen-
sitivity in vivo. Thus, if the topology and conformation of the
CT element are coupled with c-myc transcription, then binding
or release of hnRNP K might be governed by helical torsional
stress and monitored by the appearance of strong KMnO,
reactivity within the CT element, using parallel experiments
described earlier, involving FUSE and recombinant FBP. To
test this hypothesis, recombinant hnRNP K, which has been
shown to bind to the top (pyrimidine-rich) strand of the CT
element in vitro, was incubated with either linear or super-
coiled c-myc DNA containing the CT element and subjected to
permanganate oxidation. As shown in Fig. 7, hnRNP K creates
dramatic hypersensitivities within the CT element on both the
top and bottom strands, but only if the target DNA is super-
coiled. Remarkably, on the top strand, the strand to which
hnRNP K binds in vitro, the most prominent reactions were
with the same CT element residues most sensitive to perman-
ganate in vivo in U937 cells (Fig. 7B; compare lanes 4 and 5).
CT opening was hnRNP K specific, as other proteins, including
FBP (data not shown) and other single-stranded-DNA-binding
proteins, did not alter the permanganate reactivity of naked
DNA at this site. No hnRNP K-induced cleavages were seen
on linear DNA (Fig. 7B, lane 7). Modifications are summa-
rized in Fig. 7C.

When the top (pyrimidine-rich) strand of the CT element is
bound by hnRNP K, the displaced bottom strand should be
single stranded and thus sensitive to permanganate oxidation.
Every thymine within and flanking the CT element was clearly
reactive to permanganate in vitro (Fig. 7A, lane 4). These
hypersensitivities mapped to thymines —155, —143, —134,
—125, —116, —114, and —113. Of these residues, only thymi-
dine —113 was not sensitive in vivo (Fig. 7A, lane 2). The
permanganate reactions were most strong within and flanking
CT repeats II and III but were still prominent in repeats IV
and V. Again, no other protein generated these cleavages and
hnRNP K induced no reactive bases when the target DNA was
linearized (data not shown). These data strongly argue that
hnRNP K is associated with the CT element in vivo.

Opening of the CT element by hnRNP K can be modulated
by other proteins. Several proteins in addition to hnRNP K,
including Spl and CNBP (15, 41), have been suggested to
control CT-element activity in vivo. CNBP binds to the lower
strand of the CT element and hence potentially synergizes with
hnRNP K on melted DNA. As shown in Fig. 7A, lane 7, CNBP
alone does not modify the permanganate reactivity of the CT
element in supercoiled DNA. Thus, CNBP cannot invade du-
plex CT elements, nor is sufficient single-stranded character
present to allow trapping of a melted segment by CNBP. How-
ever, in the presence of hnRNP K, the reactivity of the CT

c-myc PROMOTER ACTIVITY AND SUPERCOILING 2665

repeats IV and V is augmented on the lower, purine-rich
strand (lane 5, thymidines —155 and —143) by the presence of
CNBP. Thus, binding of hnRNP K may facilitate CNBP rec-
ognition of the purine strand of the CT element.

Spl is a typical zinc finger protein and recognizes duplex
DNA (8). Clearly, the binding of single-strand-requiring pro-
teins and binding of duplex-requiring proteins are mutually
exclusive. Accordingly, Sp1 was used to investigate the effect of
duplex stabilization on hnRNP K binding. Complexes formed
in vitro between hnRNP K and CT elements in supercoiled
DNA were challenged with the addition of recombinant Sp1,
and DNA conformation was monitored with permanganate
oxidation. As shown in Fig. 7A, lane 8§, Sp1 eliminated helix
opening in repeats IV and V but only partly dislodged hnRNP
K from repeats I to III. CNBP thus enhanced and Sp1 inhibited
opening of repeats IV and V in the presence of hnRNP K.
When all three factors were mixed, the effect of Sp1 was dom-
inant over that of CNBP, and repeats IV and V were closed
(Fig. 7A, lane 3). Spl produced no footprint in this KMnO,
assay (Fig. 7B, lane 9). Similar assays were performed with
dimethyl sulfoxide as the base-modifying agent. These reac-
tions verified that Spl bound to the CT element, protecting
repeats IV and V (data not shown). Taken together, these
results suggest that the KMnO, footprint seen in vivo may
reflect a combination of Spl, CNBP, and hnRNP K. Thus, a
complex equilibrium must exist at the CT elements in vivo;
alteration of the conformation of the CT element could facil-
itate or block the action of mutually exclusive constellations of
factors, thereby allowing a single regulatory sequence to confer
different properties upon nearby promoters.

DISCUSSION

Several classes of single-stranded cis elements occur within
the c-myc gene in vivo. DNA segments sensitive to chemical
and enzymatic probes selective for single strands are scattered
throughout the c-myc regulatory sequence. Moreover, these
melted regions colocalize with DNase I-hypersensitive sites.
Although DNase I-hypersensitive sites are associated with the
regulatory elements of numerous genes, the conformational
basis for the hypersensitivity is not established. Thus, the uti-
lization of conformation-sensitive probes such as KMnO, and
S1 nuclease complements the use of more standard probes of
protein-DNA interactions such as dimethyl sulfoxide and
DNase I; features well visualized with one set of reagents are
sometimes undetected by the other. For example, FBP binding
to FUSE is readily detected with single-strand-selective agents,
whereas Spl interacting with the CT element is seen only with
the more conventional reactions. Just as DNase I-hypersensi-
tive sites are heterogeneous and associated with different phys-
iological states, so their associated single-stranded zones might
prove to be diverse in origin; for example, some segments
might melt constitutively, whereas the opening of others might
be regulated. Some factors may directly invade duplex, while
others may exploit torsional energy generated by molecules
acting at distant sites. Thus, the single-stranded segments up-
stream of c-myc, detected with permanganate and S1 nuclease,
may result from a variety of regulatory events.

c-myc promoters have at least three states. At promoters,
DNA melting is obligatory. At the c-myc promoters P1 and P2,
where transcription initiation is associated with an engaged but
paused RNA polymerase, the duplex is necessarily propped
open. The data presented here suggest that distinct open P1
and P2 complexes are associated with different physiological
states. First, in cells expressing c-myc or in which c-myc tran-
scription has been recently attenuated, initiated polymerases
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FIG. 7. hnRNP K binds to CT elements in supercoiled but not linear DNA. (A) hnRNP K opens the CT-element bottom strand in supercoiled DNA synergistically
or antagonistically with other factors. Recombinant proteins were incubated singly or in equimolar amounts (hnRNP K, 1.0 wg; CNBP, 0.44 pg; Spl, 1.0 pg) with
supercoiled DNA, treated with KMnO,, and analyzed by LMPCR with CT bottom-strand oligonucleotides. To facilitate comparison, reactions were run alongside U937

reated in vivo or genomic DNA treated in vitro. Closed triangles designate hypersensitivities in vivo or induced by hnRNP K in vitro. Shaded triangles designate

s rendered reactive only by hnRNP K in vitro. (B) hnRNP K opens the CT-element top strand in supercoiled but not linear DNA. Recombinant hnRNP K (3.9
rg) or GST (0.95 ng) was incubated with supercoiled or linear DNA treated as described above. KMnO,-induced cleavages on the top strand of the CT element were
revealed by using CT top-strand oligonucleotides. Lane designations are as in panel A. (C) Sequence summary of KMnO, modifications at the CT element.
Designations are as in panel A. The Smal site is boxed and shown for reference.

awaiting promoter clearance render the immediate vicinity are defined by the presence or absence of assembled activat-
sensitive to single-strand-selective agents. As the interval fol able transcription complexes at RNA start sites.

lowing c-myc shutoff lengthens, the changes associated with Analysis of melted DNA at the perpetually silent c-myc
active transcription decay and the promoters react like naked promoters neuroblastoma cells (overexpressing N-myc) reveals
DNA (36, 37). Thus, the first two states of the c-myc promoters a third promoter state, open but repressed. The fine structure
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of these inactive P1 and P2 promoters, revealed with perman-
ganate oxidation, is totally incompatible with the patterns at
active, attenuated, or vacant promoters. Thus, this third c-myc
configuration possesses promoter complexes either composed
of different components or fixed in distinct, inactive conforma-
tions.

FUSE is a regulated c-myc cis element. More unexpected
than melted promoters are upstream single-stranded segments
such as FUSE. Three independent sets of experiments indicate
that the DNA structure of FUSE is coregulated with c-myc
expression in vivo: (i) the regularly spaced nucleosome ladder
detected with micrococcal nuclease is disrupted at FUSE in
c-myc-expressing cells but is undisturbed in cells which cannot
express myc; (ii) the FUSE region in nuclei from cells with
active c-myc genes is sensitive to S1 nuclease, whereas this
region is not cleaved in cells with quiescent c-myc loci; and (iii)
hyperreactivity of FUSE with the single-strand-selective agent
permanganate is absent in cells with a silent c-myc gene. The
latter two experiments each independently support the notion
that FUSE is underwound in vivo when c-myc is expressed. On
the top strand of FUSE, only hyperreactivity with permanga-
nate is noted, whereas both unequivocal protection and hyper-
reactivity are seen on the bottom strand, just as predicted if
FBP is the trans factor acting at FUSE. FBP possesses both
multiple repeats of a powerful tyrosine-rich activation motif
and a potent repression domain and thus can modify c-myc
expression directly via melted FUSE binding (19). Logically,
however, at least two requirements must be fulfilled in order
for FBP to function: first, FBP must be expressed, and second,
FUSE must be accessible to FBP and hence be melted or
torsionally strained. The second condition is not met in neu-
roblastoma cells, in which FUSE is clearly duplex despite the
presence of FBP. As FBP cannot bind specifically to linear or
relaxed duplex DNA, some process or other factor must gate
access to FUSE.

The CT element is the focal point of a complex equilibrium.
The FUSE element is not unique among upstream sequences
with respect to its sensitivity to single-strand-selective agents
and its capacity to bind single-strand- and supercoil-dependent
factors. Near P1, the CT region is reactive in vivo with per-
manganate and hypersensitive to S1 nuclease, indicating that at
least some c-myc genes assume unusual conformations.
hnRNP K, which is related to FBP, can bind to either single-
stranded or supercoiled target sequences on the top strand of
the CT element. When binding to torsionally strained duplex,
hnRNP K exposes sites on the bottom strand for binding with
CNBP (63). Thus, factors or processes which facilitate hnRNP
K binding will also augment CNBP activity. In contrast, Spl
antagonizes the DNA-protein interactions of both hnRNP K
and CNBP, the latter profoundly. Conceptually, Sp1 may mod-
ulate hnRNP K and CNBP activity through at least two mech-
anisms: first, through steric competition for binding at a single
site, and second, by shifting the equilibrium of a larger segment
from the melted to duplex state. Thus, the configuration of the
CT element will be governed by the intrinsic equilibrium be-
tween single and double strands, with constraints imposed by
the degree of torsional stress and the relative amounts and
affinities of the relevant factors for the DNA and (potentially)
for each other. Interconverting a single segment of DNA from
duplex to single strands could allow one cis element to interact
with alternate sets of frans factors without disturbing the bal-
ance between these same proteins at other sites as would occur
if factor levels fluctuated. In this work, we have focused on a
handful of single-stranded sites shown previously to bind
known proteins and to behave as cis-acting elements altering
c-myc expression; the variety of single-stranded cis elements
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and their associated frans factors may be expected to increase
as the properties of melted segments are explored.

Implications of single-stranded cis elements and associated
trans factors for myc regulation. The existence of several c-myc
cis elements possessing single-stranded properties in vivo, cou-
pled with the demonstration that some sequence-specific sin-
gle-stranded-DNA-binding proteins also recognize their cog-
nate targets in supercoiled DNA, has potentially broad
implications for c-myc regulation and important ramifications
for gene regulation in general. Studies have shown that duplex
DNA is refractory to twisting over short stretches (<1,000 bp)
(33). For example, if the length of a DNA fragment is an
integral number of helical turns, then it can be ligated into a
circle hundreds of times more efficiently than if the 5’ and 3’
ends are out of phase. Helical phasing is required for proteins
to bind cooperatively to sites separated on duplex DNA (32).
One potential role of single-stranded elements concerns the
dramatic decrease in the torsional rigidity manifested in duplex
DNA when as few as three mismatched base pairs are intro-
duced (33). Together with a smaller decrease in flexural rigid-
ity at these same sites, the net effect would be the creation of
a single-stranded hinge, facilitating the interaction of elements
and factors that might otherwise be disfavored energetically.
For a gene regulated by multiple factors bound at different
distances from the promoters and from each other, such a
single-stranded hinge, acting over several hundred base pairs,
could determine which proteins exert the predominant influ-
ence on myc expression at any instant.

The linkage between melting and supercoiling has regula-
tory ramifications. In eukaryotes, transcription is the main gen-
erator of unrestrained supercoils (restrained supercoils are
created intrinsically when DNA is wrapped around nucleo-
some octamers, but these are necessarily inaccessible to single-
stranded-DNA-binding proteins [13]). Therefore, repressed
genes are less underwound than active genes. The action of
transcriptional activators recognizing relaxed B-DNA is there-
fore demanded to activate, de novo, a previously inactive pro-
moter and subsequently generate topological strain. Indepen-
dently or in concert, different activators might serve as an
ignition switch to turn on transcription, but steady-state regu-
lation might subsequently be superimposed. In fact, some en-
hancers have recently been shown to function as just such a
binary switch, increasing the probability that a promoter is
active but not governing the rate of transcription once a gene
is turned on (65). Conformation- and topology-sensitive fac-
tors such as FBP have properties well suited to function as a
molecular cruise control. Once sufficient torsion exists to allow
binding of strain-sensing factors, these molecules could consti-
tute a direct, cis-acting monitor of promoter activity. If pos-
sessing appropriate effector domains, these factors could con-
fer a real-time feedback regulation onto a gene. Thus, the
control circuitry maintaining steady-state expression would
employ components different from those used to induce initial
expression. Even on linear DNA, in the absence of a fixed
topological border, ongoing transcription can produce enough
transient strain to alter the activity of a nearby promoter. For
example, T7 RNA polymerase transcribing from a phage pro-
moter placed upstream and divergent from an rRNA promoter
can activate the rRNA promoter in Xenopus oocytes on linear
DNA (17). This facilitation of RNA polymerase I action is
further augmented by topoisomerase inhibitors, attesting to
the topologic mechanism of this activation. An additional ex-
ample of a well-characterized, topologically controlled mech-
anism was elucidated by Gralla and coworkers, who used
chemical probes to identify supercoil-dependent regulation of
the lac operon (11, 49).
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Processes which alter superhelical density could modify the
binding of proteins such as FBP and hnRNP K. Among these
processes are conformational changes in DNA such as local-
ized melting, hairpin extrusion, and transition to Z-DNA, each
of which can serve as a reservoir for the torsional energy
generated during transcription. Any interaction between pro-
teins bound to DNA at separated sites defines and isolates a
new topological domain. As demonstrated recently in
minichromosomes, packing DNA into nucleosomes itself ren-
ders DNA less susceptible to the action of topoisomerases
(44). Similarly, a small topologically closed domain created by
the interaction of trans-acting factors could reduce and regu-
late the action of torsion-opposing topoisomerases. In addi-
tion, interactions between upstream factors and the transcrip-
tion machinery could put into the loop particular elements
which constrain transcription-driven torsion. Likewise, factors
bound out of the loop could not be under the direct influence
of transcriptionally generated supercoils. Considering the va-
riety of protein-protein interactions between large complexes
bound to DNA occurring during transcription, a large number
of complex and interlocked topological configurations are like-
ly; proteins such as FBP and hnRNP K may provide the cell
with the tools to exploit non-B-DNA structures and conforma-
tions to achieve homeostasis.
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