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Gene expression requires binding of transcription factors to their cognate DNA response elements, the latter
being often integrated into sequence-specifically positioned nucleosomes. To investigate the constraints im-
posed on factor-DNA recognition by the nucleosomal organization, we studied the binding of glucocorticoid
receptor to a single glucocorticoid response element (GRE) displaying four different rotational frames in three
different translational positions in reconstituted nucleosomes. We demonstrate that rotational setting of the
GRE per se is important for its accessibility. Furthermore, the effects of rotational positioning of the GRE are
different for different translational positions of the GRE in the nucleosome. A GRE placed near the nucleo-
somal dyad is totally blocked by rotating it 180 so that the major groove of the GRE faces the histone octamer.
If, on the other hand, the GRE is placed about 40 bp from the nucleosome dyad, then the 180 rotation of the
GRE still allows glucocorticoid receptor binding, albeit with a sixfold lower affinity than the peripherally
oriented GRE. This suggests that both the rotational positioning and the translational positioning function as
a framework for transcription factor response elements in gene regulation.

In the eukaryotic cell nucleus the DNA is organized into
nucleosomes which are sequence-specifically positioned in cer-
tain regulatory regions (42). A transcription factor response
element within such a nucleosome has a defined location rel-
ative to the nucleosome dyad (translational positioning) and,
as an effect of the helical path of the DNA double helix, a
defined orientation relative to the surface of the histone oc-
tamer (rotational positioning).

Transcriptional repression mediated by nucleosomes has
been demonstrated in several in vivo studies (1, 9, 28, 43). In
Saccharomyces cerevisiae, the CUPI and HIS3 genes were fully
induced by reduction of nucleosome density, achieved by inhi-
bition of the synthesis of histone H4 (9). In the PHOS pro-
moter, four strictly positioned nucleosomes are removed or
reorganized during gene induction (12). Mutational analysis
has demonstrated that the insertion of a more stable nucleo-
some virtually abolishes PHOS inducibility, whereas introduc-
tion of an unstable nucleosome results in a leaky promoter
with a higher maximal induction capacity (43). Other cellular
events are also affected by chromatin structure; for example,
DNA replication can be inhibited by a positioned nucleosome
(41), and retrovirus integration can be precisely directed even
to the base pair level by a positioned nucleosome in vivo (32).
The same is true for the human immunodeficiency virus inte-
grase activity in vitro (31).

Induction of transcription often involves rearrangement of
chromatin around the promoter and/or upstream segments
into a more open structure as revealed by a localized hyper-
sensitivity for DNase I. This is observed within minutes of
glucocorticoid hormone induction in the mouse mammary tu-
mor virus promoter (48). The same phenomenon is seen in the
glucocorticoid response element (GRE) region of the rat ty-
rosine aminotransferase gene (5, 33). In both cases the hor-
mone-responsive enhancer is within a positioned nucleo-
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some(s) in the repressed state and the nucleosome(s) becomes
structurally altered upon induction (5, 33, 34).

What are the constraints on transcription factor-DNA rec-
ognition in a nucleosomal context? Several in vitro studies
have addressed the issue in binding experiments using purified
protein and in vitro-reconstituted nucleosomes. These studies
have shown that different transcription factors possess different
inherent capacities to recognize their corresponding DNA seg-
ments within a nucleosome. The glucocorticoid receptor (GR)
has a two- to fivefold lower affinity to the reconstituted mouse
mammary tumor virus nucleosome compared with its affinity to
free mouse mammary tumor virus DNA (27, 30). For the
transcription factor SP1 the reduction in affinity for a nucleo-
somal site is 10- to 20-fold (18), while for heat shock factor
(HSF) the reduction is at least 100-fold (44). The TATA-box
binding protein (TBP) has no detectable affinity for its target
site within a nucleosome (15). Furthermore, TFIIIA was
shown to bind to its target site in the 5S RNA gene when
placed in the peripheral region of a histone H3/H4 tetramer
but could not bind to the more centrally located TFIIIA target
site in a nucleosome (17). Likewise, GAL4 was shown to bind
with lower affinity to a nucleosomal site near the dyad than to
a more distal site (6). It seems that positioning of a target site
close to the nucleosome dyad leads to stronger inhibition of
the factor binding than a more peripheral positioning. How-
ever, the affinity of GR for a GRE positioned at the nucleo-
some dyad is only 1.4-fold lower than its affinity for a GRE
located 40 bp from the dyad (19).

In this study we have examined the role of rotational posi-
tioning on the recognition of DNA response elements by tran-
scription factors using GR-GRE interaction as a model system.
We demonstrate that different rotational settings of the GRE
have distinct effects on GR-GRE binding affinity in a nucleo-
some context. Furthermore, the effects of rotational position-
ing of the GRE are different for different translational posi-
tions of the GRE in the nucleosome. A GRE placed near the
nucleosomal dyad is totally blocked by rotating it 180° so that
the major groove faces the histones. If, on the other hand, the
GRE is placed about 40 bp from the nucleosome dyad, then a
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FIG. 1. Rotational positioning of n2Go2, n2Gyy;2, n2Gy,2, and n2Gy ;2. (A) DNase I patterns on n2Go2, n2Gyy;2, n2Gy2, and n2Gy ;2. The rotational frames of
the GRE in different nucleosomes are illustrated according to DNase I cleavage from the top (open arrowheads) and bottom (solid arrowheads) DNA strands. Solid
and dashed arrows, perfect and imperfect GR-binding hexanucleotides, respectively. The asymmetric Aval sites used to make the constructs are indicated (dashed
zigzags). Diamonds, locations of the nucleosome dyad assessed by exonuclease III protection analysis (Fig. 2). Minor grooves facing the periphery are shaded. (B)
Rotational angles of the GRE in the four helical settings. The circles represent the DNA double helix projected in parallel with its length axis. Solid and dashed
half-barbed arrows, rotational angles of the perfect (TGTTCT) and the imperfect (TGTACA) hexanucleotides recognized by GR, respectively. Solid arrows, rotational
angle of the GRE dyad. (C) DNase I footprinting of the top and bottom DNA strands. Histone-induced DNase I cleavages (arrowheads) are shown for n2Go2 (lanes 3 and
4), n2Gyy;2 (lanes 6 and 7), n2Gy,2 (lanes 9 and 10), and n2Gy;2 (lanes 12 and 13). Free DNAs f2Go2 (lane 2), f2Gy,2 (lane 5), £2Gy,2 (lane 8), and f2Gyy;2 (lane 11) were
included as a control. Lane A+G, sequencing ladder. Arrows, positions of the partial palindromic GRE in n2Go2, n2Gy;2, n2Gy,2, and n2Gyy;2 from left to right.

180° rotation of the GRE still allows GR binding, albeit with a
sixfold lower affinity than the opposite orientation. We con-
clude that nucleosome positioning determines GR-GRE bind-
ing affinity. This is likely the case for all transcription factors
albeit in a factor-specific fashion. Positioned nucleosomes thus
may have important functions in gene expression by organizing
the topology of regulatory regions.

MATERIALS AND METHODS

Plasmids. To direct rotational positioning of a GRE in the nucleosome, five
oligonucleotides were used: TG (TCGGTGTTAGAGCCTGTAAC), Go (TCG
GTIGTACAGGATGTTCTAGCCTGTAAC), Gy (TCGGTGTATGTACAG
GATGTTCTCTGTAAC), Gy (TCGGTGTAACIGTACAGGATGTTCTGT
AAC), and Gyy; (TCGGTGTAACTCIGTACAGGATGTTCTAAC). Plasmids
2Go2, 2Gyy2, 2Gy2, 2Gyii2, 3Gol, 3Gyyl, 3Gy1, 3Gyyl, Go4, G4, Gy4, and
Gy 4 were constructed by sequential cloning of TG, Go, Gyyy, Gy, and Gy into
the pGEM-Q2 vector (19) at the asymmetric Aval site. The designations include
the number of 20-bp TG motifs and their relation to a rotationally positioned
GRE.

Nucleosome reconstitution and nuclease digestion. Nucleosome reconstitu-
tion, mobility retardation assay (19), DNase I footprinting (4), GR protein
purification from rat liver (27), and the determination of the fraction of GR-
GRE binding activity in the GR preparation (19) were carried out as described

previously. Exonuclease III (Pharmacia Biotechnology) protection analysis was
performed with 1.5 fmol of 5'-labelled free or nucleosomal DNA and 15 U of the
enzyme per ml in 100 pl of TGDI buffer (20 mM Tris-HCI [pH 7.6], 10% [vol/vol]
glycerol, 5 mM dithiothreitol, and 0.1 mg of porcine insulin per ml; kindly
donated by NovoNordisk) at 25°C.

DMS methylation protection. 5'-labelled free or nucleosomal DNA was incu-
bated with GR at 25°C for 45 min in 20 pl of GR binding buffer (50 mM NaCl,
1 mM Na,EDTA, 20 mM Tris-HCI [pH 7.6], 10% [vol/vol] glycerol, 5 mM
dithiothreitol, and 0.1 mg of porcine insulin per ml). The binding reaction was
then modified by 50 mM dimethyl sulfate (DMS) at room temperature for 3 min,
and the modification was stopped by addition of 100 wl of a stop mix (25 mM
EDTA, 1.5 M NH, acetyl, and 2.8 mM B-mercaptoethanol) and 250 pl of
ethanol. The G—A cleavage reaction and the G cleavage reaction were per-
formed as described previously (22). Finally the cleavage patterns were resolved
on a 6% sequencing gel.

Quantification. DNase I footprinting and DMS methylation protection were
quantified by PhosphorImager analysis with Image Quant version 3.0 and the
Fast scan system (Molecular Dynamics) (16).

RESULTS

Rotational GRE setting in reconstituted nucleosomes di-
rected by a DNA-bending sequence. A synthetic DNA-bending
sequence having a 10-bp periodicity of (A/T);NN(G/C);NN,
referred to as the TG motif, is known to direct rotational
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setting of DNA on a histone octamer so that A/T segments are
located at sites of minor-groove compression and G/C seg-
ments are located at sites of major-groove compression (40).
We have previously shown that 95 bp of the TG motif can be
used to direct a 15-bp GRE into a defined helical setting in
reconstituted nucleosomes (19).

Here we employed the same strategy to position the 15-bp
GRE in four different rotational frames within reconstituted
nucleosomes. The dyad of the GRE was first placed 10 bp from
the G/C triplet(s) of the flanking TG motif (Go; Fig. 1A).
Consequently, the two major grooves of the partially palin-
dromic GR recognition sequence, which flank both sides of the
3-bp intervening sequence, are oriented in an outward config-
uration, away from the histone octamer. Two additional blocks
of the TG motif (20 bp each) were then placed on each side of
the Go, producing 2Go2. Three other types of rotational vari-
ants were generated by moving the GRE dyad 3 bp (Gyyy), 5 bp
(Gy), or 7 bp (Gyyy) away from the Go configuration within
the TG motif (Fig. 1A). If the 95 bp of the TG motif deter-
mines the rotational setting, the GRE dyad would be forced to
rotate from the outward orientation (0° [Go]) to an angle of
108° (Gyyy), 180° (Gy)), or 252° (Gyyy) (Fig. 1B). This implies
that the perfect GR-binding hexanucleotide (TGTTCT),
whose GR affinity is higher than that of the imperfect hexa-
nucleotide (TGTACA), would have rotational angles of 90,
162, and 234° for Gyyy, Gy, and Gy, respectively (Fig. 1A and
B). That the predicted rotational effect has been obtained can
be inferred from the results of a DNase I footprinting analysis
of the reconstituted nucleosomes (Fig. 1C). Compared with
free DNA (Fig. 1C, lanes 2Go2, £2Gy;2, £2G 2, and 2G,2),
the reconstituted nucleosomal DNA has an overall 10-bp pe-
riodicity of DNase I cutting (lanes n2Go2, n2Gy;;2, n2G+,2, and
n2Gy/y;2). This is due to the preferential cutting of nucleoso-
mal DNA by DNase I at sites of minor grooves facing the
periphery. The histone-induced DNase I cuts are located at
similar positions in all four constructs and flank the (G/C);
triplets of the TG motif (Fig. 1C), confirming that the TG
motif determines the helical setting of the DNA. There are
differences in DNase I cutting patterns in the GRE segments.
This can be explained by the sequence preference of DNase I
cutting and the fact that each of the four constructs has dif-
ferent portions of the GRE exposed at the minor grooves
which face the periphery (Fig. 1C, arrows). The 2- to 4-bp
staggering of the DNase I cuts of the top and bottom DNA
strands is shown in Fig. 1A and is used to locate the positions
where the minor grooves face the periphery (26). We conclude
that the rotational angle of the GRE is altered as expected by
moving the GRE 3, 5, or 7 bp relative to the TG motif.

Translational positioning of the reconstituted nucleosomes
n2Go2, n2Gy;2, n2Gy,2, and n2Gy,;2 was analyzed by an ex-
onuclease III protection assay (Fig. 2). In n2Go2, in which the
GRE faces the periphery, the existence of a single translational
position of the histone octamer is indicated by the first histone-
induced exonuclease III stop on either strand defining a 144-bp
segment of DNA, as reported previously (19). The exonuclease
IIT protection analysis of n2Gyy;2, n2G,,2, and n2G, 2 re-
vealed a more complex pattern, showing histone-induced pro-
tection of more than 144 bp of DNA (Fig. 2). Comparison of
the protection pattern of the top and bottom DNA strands
demonstrates that n2Gy;2, n2G,,2, and n2Gy,;2 allow two
alternative translational positions, located 10 bp apart (Fig. 2,
middle panel), placing the GRE dyad on either side of the
nucleosome dyad (Fig. 1A, diamonds). This translational vari-
ability is not due to a movement of the GRE dyad away from
the nucleosome dyad but, rather, the rotation of the GRE away
from a facing-out configuration. This follows from the fact that
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FIG. 2. Translational positions of n2Go2, n2Gy2, n2Gy2, and n2Gy2.
Exonuclease III protection analysis was performed on the DNA top (upper gel)
and bottom (lower gel) strands of n2Go2 (lanes 3 and 4), n2Gy;2 (lanes 6 and 7),
n2Gy,2 (lanes 9 and 10), and n2Gy ;2 (lanes 12 and 13). Free DNAs f2Go2 (lane
2), fGyy;2 (lane 5), £2Gy2 (lane 8), and f2Gyy;2 (lane 11) were included as a
control. Lane A+G, sequencing ladder. The duration of exonuclease III diges-
tion is indicated in minutes. Solid arrows, histone-induced protection on both the
top and the bottom strands as in n2Go2; open arrows, alternatively positioned
protection for n2Gy2, n2Gy2, and n2Gy2 on both DNA strands. Middle
panel, translational positions of histone octamers (ellipsoids) in the indicated
nucleosomes. Horizontal lines, 165-bp DNA fragment with the 95 bp of the TG
motif (thicker portion) flanking the 15-bp GRE (rectangle).

the same translational variability occurs when a GRE is rotated
at a nucleosome domain about 20 or 40 bp from the nucleo-
some dyad (see below).

The exonuclease III protection analysis showed that, despite
the heterogeneity in translational positioning, the rotational
positions of the GRE in n2Gy;2, n2G,2, and n2G, ;2 were
homogeneous. This is shown by the fact that the intervals of
the various histone-induced exonuclease III stops were 10 bp
apart and that the histone-dependent DNase I cleavage pat-
tern was the same within the TG motif.

In conclusion, we have generated four nucleosomal probes:
n2Go2, in which the two partially palindromic GR-binding
hexanucleotides are in a major-groove facing-out configuration
and the GRE dyad coincides with the nucleosome dyad;
n2Gy2, in which the GRE is rotated 108° and translationally
positioned either —7 bp or +3 bp relative to the nucleosome
dyad; n2G,,2, in which the GRE is rotated 180° and transla-
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FIG. 3. GR-GRE binding affinity analyzed by quantitative DNase I footprinting. (A) Binding of GR to the indicated nucleosome probes. A constant amount of
nucleosome (37.5 pM) was incubated in the absence (lanes 2 and 3) or the presence (2.5, 5, 10, and 20 nM in lanes 4 to 7, respectively) of GR. Vertical arrows, positions
of the partially palindromic GRE; dashes, GR-protected region used for affinity analysis; open arrows, reference bands. (B) Quantification of the results in panel A.
GR-induced protection is plotted as a function of the free-GR concentration (upper right) or Scatchard analysis (lower left). For n2Go2 and n2Gyy,2, the apparent K;s
were 1.4 and 5.8 nM, respectively; the maximal binding was 62 nM for both, and the correlation coefficients were 0.99 and 0.98, respectively. (C) GR binding to free
GRE. A constant concentration of f2Go2 (37.5 pM) was incubated in the absence (lanes 2 and 3) or the presence (0.3 to 5 nM in lanes 4 to 8) of GR. The symbols
are defined above. (D) Quantification of the results in panel C. GR-induced protection is plotted as function of the free-GR concentration. The apparent K, for f2Go2

was 0.8 nM (free-GR concentration at half-maximal GRE binding).

tionally positioned either —5 bp or +5 bp relative to the
nucleosome dyad; n2Gy,;2, in which the GRE is rotated 252°
and translationally positioned either —3 bp or +7 bp relative to
the nucleosome dyad (diamonds in Fig. 1A).

Rotational positioning of a nucleosomal GRE determines
GR affinity. Quantitative DNase I footprinting was used to
evaluate the GR-GRE binding affinity for the reconstituted
nucleosomes n2Go2, n2Gy2, n2G,,2, and n2Gy,;2. In these

experiments increasing amounts of GR (2.5 to 40 nM) were
incubated with a constant concentration (37.5 pM) of the in-
dicated nucleosome (Fig. 3A). The results were quantified by
PhosphorImager analysis. A distinct GR-induced DNase I pro-
tection over the GRE region was observed for n2Go2 and
n2Gy2, whereas no GR-dependent DNase I protection was
detected in n2G+,2 and n2Gy,;2 (Fig. 3A). The extent of pro-
tection from DNase I digestion in the GRE region for n2Go2



VoL. 15, 1995

TABLE 1. GR-GRE binding affinity”

DNA K, (nM) Brmax (PM) n
2Go2 0.8 *0.1 3
n2Go2 15+03 66.6 + 4.0 3
n2Gy,2 7846 69.9 + 6.2 3
n2Gy2 >40 3
n2Gy ;2 >40 3
fGod 0.8 =02 6
nGo4 1.0+06 721+ 68 6
nGyy 4 3.6 =09 50.7 * 10.7 4
nGy4 62+ 12 60.9 + 7.1 6
nGyy 4 >40 4

“ For free GRE, K, corresponds to the free GR concentration at half-maximal
GRE binding, while for nucleosomal GRE the apparent K, and maximal binding
(Bmax) Were calculated by Scatchard analysis (37).

and n2Gy;2 was plotted as a function of the concentration of
free GR and displayed the characteristics of a specific binding
reaction (Fig. 3B). GR-induced protection was also deter-
mined by Scatchard analysis (37) (Fig. 3B). The apparent dis-
sociation constants (K,;) obtained from this analysis were 1.5 =
0.3nM (n = 3) and 7.8 = 4.6 nM (n = 3) for GR binding to
n2Go2 and n2Gy;2, respectively (Table 1). The maximal bind-
ing was the same for both n2Go2 and n2Gy;;2 (Table 1). The
discrepancy in GR affinity for n2Gy;2 and n2G,,;2 could be
explained by the difference in rotational setting of the perfect
GR-binding hexanucleotide (TGTTCT), which has higher GR
affinity (Fig. 1B).

In contrast to the nucleosomal GRE, the free GREs of
£2Go2, £2Gy;2, £2Gy/2, and f2G,,;;2 displayed no difference in
GR-GRE binding affinity as assessed by competition for GR
binding with increasing amounts of calf thymus DNA in a
mobility retardation assay (Table 2). The apparent dissociation
constant of GR for a free GRE was 0.8 = 0.1 nM (n = 3) on
the basis of the free-GR concentration required for half-max-
imal binding of the GRE inferred from quantitative DNase I
footprinting analysis (Table 1; Fig. 3C and D).

We conclude that the rotational setting of a nucleosomal
GRE is an important determinant of GR affinity. The highest
GR-GRE binding affinity is achieved when the two consecutive
major grooves constituting the GRE are facing the periphery.
A 108° clockwise rotation of the GRE reduces GR affinity
about fivefold (Table 1). Further rotation of the GRE to 180 or
252° abolishes GR binding. The difference in GR binding af-
finity due to the rotational setting is observed only in a nucleo-
somal context.

Contacts of GR with nucleosomal GRE. GR binds to the

TABLE 2. Calf thymus DNA competition for
GR binding to free GRE*

GR-fGRE (%) at the following
concn of CT DNA®:

DNA?
3.2 pg/ml 12.8 pg/ml
2Go2 418 3.9 157+ 18
£2Gy;;2 45.6 + 9.6 16.8 + 4.3
£2Gy2 455 + 3.1 147 +33
£2Gyy2 418+ 6.8 14.6 = 3.6

“ The mobility retardation assay was performed at a GR concentration of 0.9
nM.

b75 pM. n = 4.

¢ One hundred percent binding was set at 0.8 g of calf thymus (CT) DNA per
ml to eliminate nonspecific GR binding (19). fGRE, free GRE.
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major groove of GRE (21, 38), and the binding of GR prevents
DMS methylation of four symmetrically positioned guanines in
the TAT GRE (3). Inversely, methylation of these guanines
was shown to interfere with GR binding (19). Here we have
employed DMS methylation as an additional method to assess
specific GR-GRE interaction in a nucleosomal context. GR-
induced protection against methylation of a single GRE in free
DNA was established for all four constructs, £2Go2, f2G,2,
f2Gy2, and f2Gy,;2 (Fig. 4A). The GR binding reaction mix-
ture contained 2.5 nM GR and 37.5 pM free DNA. GR pro-
tected the free GRE at four symmetrically distributed guanines
as described above, and the same degree of protection was
obtained for all four constructs (Fig. 4A and B). However,
there was a distinct difference in the pattern of DMS protec-
tion for nucleosomal DNA (Fig. 4C). n2Go2, in which the
GRE faces the periphery, displayed a level of DMS protection
at the guanine N-7 position that was similar to but lower than
the level for free GRE, whereas n2G;;2 showed asymmetric
DMS protection only at guanines of the GRE top strand (Fig.
4D). This alteration in methylation protection might reflect
restricted access of GR to a GRE which has been rotated 108°.
The difference in GR-GRE contacts thus agrees with the lower
GR affinity of n2Gy;2 relative to that of n2Go2 in the DNase
I footprinting experiments (Fig. 3B). Also in agreement with
these experiments, n2G,,2 and n2Gy;2 showed no GR-in-
duced DMS methylation protection (Fig. 4C). There was no
GR-dependent methylation protection at the N-3 positions of
adenines, i.e., in the minor groove of the GRE (Fig. 4C).

Effects of rotational GRE positioning about 20 and 40 bp
from the nucleosome dyad. The n3Gol construct contains a
single translational position of a GRE, 20 bp from the nucleo-
some dyad and facing the periphery (19). In this case even the
affinity of the peripherally oriented GRE is threefold lower
than the affinity of the likewise-oriented GRE at the nucleo-
some dyad (19). GR binding could not be detected for three
other variants (n3Gy;1, n3Gy 1, and n3Gy,;1) of a rotationally
positioned GRE at this translational position (data not shown).
The exonuclease III protection analysis revealed the same dis-
tribution of two alternative translational positions for these
three rotational variants as the distribution for the rotational
variants with the GRE located near the dyad (compare Fig. 2
and 5). The GRE dyad is thus placed 13 or 23, 15 or 25, and 17
or 27 bp from the nucleosome dyad in n3Gy;1, n3Gy1, and
n3Gy 1, respectively.

GR-GRE binding affinity was also measured as a function of
rotational setting when the GRE was positioned about 40 bp
from the nucleosome dyad by use of the nGo4, nGy4, nG/4,
and nGy 4 constructs. In this case the single translational
positioning of nGo4 (19) was again altered into two main
translational positions for nG;;4 and nGy4. Consequently, the
GRE dyad was located 37 or 47 bp and 35 or 45 bp from the
nucleosome dyad in nG;;;4 and nG, /4, respectively, whereas in
nGy 4 the GRE had a single translational position with its
dyad placed 33 bp from the nucleosome dyad (data not shown).
The GR binding affinity for these rotational variants was eval-
uated by quantitative DNase I footprinting (Fig. 6A). The GR
concentrations in these experiments were 1.3 to 20 nM for
nGo4 and nGy4 and 2.5 to 40 nM for nG,4 and nG,, ;4. The
apparent dissociation constants calculated by Scatchard anal-
ysis were 1.0 = 0.6 nM (n = 6), 3.6 = 0.9 nM (n = 4), and 6.2
+ 1.2 nM (n = 6) for nGo4, nG;;4, and nG,4, respectively,
while nGy ;4 had no detectable affinity for GR (Fig. 6A and
Table 1). That GR was indeed making sequence-specific con-
tacts with the GRE in nGo4, nG;4, and even nGy/4, in which
the GRE faces the histone octamer, was confirmed by the
observed GR-dependent DMS methylation protection (Fig.
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FIG. 4. GR-GRE contacts assessed by DMS methylation protection. (A) GR-dependent methylation protection for the indicated bottom strand of free GRE. The
G—A cleavage was performed at a constant concentration of probe (37.5 pM) in the absence (lanes 1, 3, 5, and 7) or the presence (2.5 nM; lanes 2, 4, 6, and 8) of
GR. The two protected guanine residues are indicated (*). (B) Quantification of DMS methylation protection of the indicated free GRE for both the top strand (upper
panel; n = 4) and the bottom strand (lower panel; n = 5). (C) GR-dependent methylation protection for the indicated bottom strand of nucleosomal GRE. The
experimental design was the same as that for panel A, except that the GR concentration was 10 nM. (D) Quantification of DMS methylation protection of the indicated
nucleosomal GRE:s for both the top strand (upper panel; n = 5) and the bottom strand (lower panel; n = 7).

6B). Although the GR-induced methylation protection was most
pronounced in nGo4, in which the major groove of the GRE
faces the periphery, it was also distinct in nG;4 and nG4, in
which the GRE is rotated towards the histone octamer. The
methylation protection was totally absent for nG,, 4, corrob-
orating the DNase I footprinting experiments.

The binding of GR to nGy/4 resulted in not only GR-induced
DNase I protection at the GRE region but also GR-dependent
DNase I hypersensitivity at a site 21 bp from the GRE dyad (Fig.
6A, arrowhead). This site is not cleaved by DNase I in nucleoso-
mal DNA in the absence of GR but is preferentially cleaved by

DNase I in free DNA. This implies that the DNA-histone
contacts at this position are disrupted by GR binding.

DISCUSSION

GR binding affinity is determined by the rotational GRE
setting when the GRE is positioned near the nucleosome dyad.
When the GRE is located at the nucleosome dyad and with its
GR-binding sequence positioned in two consecutive major
grooves facing the periphery, as in n2Go2, its GR affinity is
only twofold lower than that of the same GRE in free DNA
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FIG. 5. Translational positions of n3Gol, n3Gy1, n3Gy1, and n3Gy 1.
Exonuclease III protection analysis was performed on the top (upper gel) and
bottom (lower gel) DNA strands of the indicated nucleosomes. Free DNAs
f3Gol, f3Gyyl, 3Gy1, and 3Gyl were included as a control. Lane A+G,
sequencing ladder. Exonuclease III digestion times are indicated in minutes.
Solid arrows, histone-induced protection on both the top and the bottom DNA
strands as in n3Gol; open arrows, alternatively positioned protection for
n3Gyl, n3Gy/1, and n3Gyy;1 on both DNA strands. Middle panel, translational
positions of histone octamers (ellipsoids) on the indicated nucleosomes. Hori-
zontal lines, 165-bp DNA fragment with the 95 bp of the TG motif (thicker
portion) flanking the 15-bp GRE (rectangle).

(Table 1). On the other hand, a GRE facing the histone oc-
tamer and translationally positioned +5 or —5 bp from periph-
erally oriented GRE is not accessible for GR binding and can
be regarded as functionally closed (Fig. 7). This profound
effect of a 180° rotation of the GRE on GR-GRE binding
affinity is a logical result when one considers that the two GR
subunits in the GR homodimer bind their cognate DNA from
the same side. This has been established by X-ray diffraction
study of the cocrystal of the DNA binding domain (DBD) of
GR with GRE (21).

The rotational angle of the GRE dyad in n2G;;;2 and
n2Gy ;2 should be the same, i.e., +108 and —108°, respec-
tively, relative to the facing-out mode Go (Fig. 1A and B), and
yet there is significant GR binding to the former and no de-
tectable binding to the latter (Table 1 and Fig. 7). The differ-
ence is probably caused by the asymmetry of the partially
palindromic GRE. It contains one perfect GR-binding hexa-
nucleotide (TGTTCT) and one imperfect hexanucleotide (TG
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TACA) spaced by 3 bp (Fig. 1A). This places the centers of the
two hexanucleotides 9 bp apart and implies a 36° angle be-
tween these two GR-binding segments (Fig. 1B) on the basis of
a 10-bp helical twist of the TG motif in the nucleosomes (40).
It thus makes the perfect GR-binding hexanucleotide, which
has higher affinity for GR (45), more accessible for GR binding
in n2Gy;2 than in n2Gy,;2 (Fig. 1B), a situation which may
explain the observed difference in GR-GRE binding affinity.

The effect of rotational GRE setting on GR binding affinity
is influenced by the translational positioning. A GRE near the
nucleosome dyad, but with its GR binding sequence facing the
histones, as in 2G,,2, is functionally closed. However, a GRE
with the same rotational setting, but positioned 35 or 45 bp
from the nucleosome dyad, is open for GR binding, albeit with
an affinity that is sixfold lower affinity than the affinity of the
corresponding peripherally oriented GRE (Table 1 and Fig. 7).
This shows that rotational setting per se is important but does
not alone determine whether binding occurs. Rather, the com-
bination of rotational and translational nucleosome position-
ing determines the GR-GRE binding affinity. This might be
due to heterogeneity along the octamer surface (2), the pres-
ence of kinks in the nucleosomal DNA (35), or a sequence-
dependent difference in histone-DNA contacts (19). The im-
portance of translational positioning has been reported
previously for the n3Gol construct, which places the GRE
dyad 20 bp from the nucleosome dyad and whose affinity for
GR is threefold lower than that of n2Go2, in which the GRE
dyad is at the nucleosome dyad (19).

GR binding to a GRE rotationally positioned towards the
histone octamer. The specific GR-GRE binding in the nG,/4
nucleosome, in which the two major grooves of the GRE face
the histone octamer, is an intriguing result. How is it possible
for GR, which has a molecular mass of 87.5 kDa (24) and
forms a homodimer at the GRE (45, 46), to bind to a target
which is facing the histone octamer? Firstly, the GRE dyad in
nGy4 was positioned 35 or 45 bp from the nucleosome dyad,
i.e., 37 or 47 bp from the end of the nucleosomal DNA, and at
the flank of the TG motif. This implies a weaker interaction
between the GRE and the histones than if the GRE is posi-
tioned at the nucleosome dyad, as in n2G+,2 (19). Secondly, an
electron microscope image of the GR protein showed that the
monomer has an elongated structure of 125 to 160 A (12.5 to
16.0 nm) in length with a thicker portion at each end of about
55t0 70 A (5.5 to 7.0 nm) in diameter and a very thin central
portion, i.e., an hourglass shape (11). The GR DBD, which
consists of 66 amino acid residues with a molecular mass of
about 7 kDa, has been functionally defined by in vitro mu-
tagenesis and is localized at the central portion of the GR
polypeptide (13, 36). The crystal structure of the homodimeric
GR DBD-GRE complex (21) suggests that a space of about 18
A (1.8 nm) is required between the DNA and the histone
octamer to accommodate such a DBD when a nucleosomal
GRE is facing the histone octamer. On the basis of the aston-
ishingly small distortion of histone-DNA contacts by GR bind-
ing, as inferred from DNase I footprinting analysis of nG,4
(Fig. 6A, arrowhead), we propose that the hourglass-shaped
GR monomer is flexible and allows sharp bending to occur on
both sides of the thin central DBD. The DBD would then
protrude from the bulky ends of the protein and gain access to
a spatially restricted GRE, as in nG/4, via the tunnel formed
between the DNA major groove and the histone octamer.

Nucleosome positioning and transcription regulation. Our
data show that sequence-specific positioning of a nucleosome
allows the accessibility of a GRE to be almost infinitely varied
from an open state, with the GR-GRE binding affinity in the
range of that seen with free DNA, to a closed state, in which no
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FIG. 6. GR binding to the GRE positioned about 40 bp from the nucleosome dyad. (A) DNase I footprinting analysis of the indicated nucleosomes. A constant
amount of nucleosome (37.5 pM) was incubated in the absence (lanes 2 and 3 for nGo4, nGyy4, and nGyy4; lanes 4 and 5 for nGy4) or the presence (1.3 to 20 nM
for nGo4 and nGyy4 in lanes 4 to 8 or 2.5 to 40 nM for nG4 in lanes 6 to 10 and nGy 4 in lanes 4 to 8) of GR. Vertical arrows, positions of the partially palindromic
GRE; dashes, GR-protected region used for affinity analysis; open arrows, reference bands; solid arrowhead, GR-induced DNase I hypersensitivity site in nG4. (B)
Quantification of DMS methylation protection for the DNA top strand of nGo4, nG;;4, and nGy4 (n = 4). The experiments were carried out at a constant
concentration of probes (75 pM) in the absence or the presence (20 nM) of GR.
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GR binding can occur. This suggests that a sequence-specifi- 0 20 40
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not only function as a general repressor but also, in other cases,
be regarded as a specific presenter which directs the topolog-
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the disruption of a nucleosome (34) which is necessary to allow
NF1 binding (7), even though NF1 binds strongly to free DNA
and is constitutively present in the nucleus. This hierarchy, with
binding of an inducible transcription factor leading to the bind-
ing of other constitutive factors that are otherwise locked out
of their binding sites by the chromatin, may be an important
strategy to achieve inducible gene regulation.

If chromatin is able to insulate genes from the transcrip-
tional machinery, there must be a system which can mediate
site-specific chromatin rearrangement to enable selective gene
induction. Binding of GR to its target in a nucleosome does
not lead to nucleosome disruption in vitro (27). Recent work
has revealed that a cellular multiprotein complex, here re-
ferred to as the SWI/SNF complex, may mediate chromatin
rearrangement during gene activation (14, 29). A purified SWI/
SNF multiprotein complex is able to alter a nucleosome and
thereby facilitates binding of GALA4-VP16 (8) or TBP (15) to
their cognate DNA binding sites. However, the SWI/SNF com-
plex does not seem to have any sequence-specific DNA binding
capacity (8, 15). In the living cell, chromatin rearrangement,
perhaps mediated by the SWI/SNF complex, has to be targeted
to the correct DNA segment. We suggest GR as a candidate
for such a targeting function. Other results which support this
hypothesis are findings that GR requires functional SWI/SNF
activity for gene induction in a heterologous yeast system and
that a GR derivative coprecipitates with SWI3, a component of
the SWI/SNF complex (47). Furthermore, GR-mediated tran-
scriptional induction in certain cell lines is enhanced by coex-
pression of a human homolog to SWI2/SNF2, a component of
the SWI/SNF multiprotein complex (25).

In conclusion, we have demonstrated for the first time that
the rotational positioning of a single nucleosomal GRE can
influence the binding of its cognate factor, GR, from an open
state to a closed state. This suggests that positioning of nucleo-
somes may increase the regulatory repertoire of a given num-
ber of transcription factors by orchestrating the factor-binding
hierarchy in regulation of gene expression.
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