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Nucleosome Disruption by Transcription 
Factor Binding in Yeast 

Randall H. Morse* 
Studies in vivo and in vitro have shown that the packaging of DNA into chromatin can affect 
gene expression. Here, binding of the yeast transcriptional activator GAL4 to DNA in 
chromatin has been investigated in vivo with a-yeast episome. A positioned nucleosome 
that is present in cells grown in glucose and contains a single GAL4 binding site is disrupted 
by GAL4 binding in galactose. GAL4 can also bind to DNA in chromatin when the carboxyl- 
terminal activation domain of GAL4 is either masked by GAL80 or is absent. These results 
show that a transcription factor can bind to its site in vivo in what would appear to be a 
repressive chromatin structure. 

T h e  incorporation of promoter elements 
into nucleosomes in vitro prevents tran- 
scription initiation, probably by occlusion 
or deformation of sequences recognized by 
specific trans-acting factors (1). Some fac- 
tors. such as nuclear factor-1 (NF-1) and 
heai shock factor, do not bind well to 
nucleosomal DNA in vitro (2, 3). Howev- 
er, other factors, such as the glucocorticoid 
receptor and GAL4, can bind and form 
ternary complexes with histone-bound 
DNA (4, 5). The RNA polymerase I11 
transcription factor TFIIIA can bind to a 
positioned nucleosome in vitro, but only 
when the histone NH2-terminal regions are 
acetylated or absent (6). 

Nucleosomes may also affect transcrip- 
tion initiation in vivo (7). In both the 
mouse mammary tumor virus promoter 
and the yeast PH05  gene, binding sites for 

Laboratory of Cellular and Developmental Blology, 
National Institute of Dlabetes and Digestive and Kid- 
ney Diseases, National Institutes of Health, Bethesda, 
MD 20892. 

*Present address Wadsworth Center for Laboratories 
& Research, Axelrod Institute, Post Office Box 12202, 
Albany, NY 1 1 202. 

transcriptional activators are located with- 
in positioned nucleosomes. In both cases, 
indirect evidence suggests that specific 
mechanisms are required to allow those 
factors access to their binding sites (2, 8). 

The well-characterized minichromo- 
some TRPl ARSl and its derivatives have 
been used to manioulate chromatin struc- 
ture in yeast such that binding sites for 
trans-acting factors are included in or - 
excluded from positioned nucleosomes (9- 
11). I have used this approach to investi- 
gate binding of the transcriptional activa- 
tor GAL4 to its binding site when it is 
~ositioned within a nucleosome. A single " 

copy of a near-consensus 17-base pair (bp) 
binding site for GAL4 was introduced into 
the DNA sequence normally located near 
the center of the stably positioned nucle- 
osome I of a TRPlARSl derivative (9, 10) 
to create the yeast episome TA17A80 
(12). This plasmid was introduced into 
yeast cells, where it was maintained at 
> 10 copies per cell. The chromatin struc- 
ture of TA17A80 was assayed by the indi- 
rect end-label technique (1 3). In this 
technique, sites susceptible to micrococcal 

nuclease cleavage in chromatin and in 
naked DNA are mapped relative to a 
common restriction site. Regions that are 
protected in chromatin, but not in naked 
DNA, and which encompass 140 to 160 
bp, are assumed to represent positioned 
nucleosomes (9). 

When yeast cells harboring TA17A80 
were grown in glucose, positioned nucle- 
osomes were detected on the plasmid (Fig. 
1, left panel, lanes labeled glucose). Nu- 
cleosome I contains the GAL4 binding 
site and is immediately adjacent to posi- 
tioned nucleosome 11. This structure was 
expected because GAL4 does not normally 
bind to its site in glucose, primarily be- 
cause the GAL4 gene is repressed (14). 
When cells harboring TA17A80 were 
grown in galactose, new micrococcal nu- 
clease cleavage sites were observed in the 
nucleosome cintaining the GAL4 binding 
site, as well as in the neighboring nucleo- 
some I1 (Fig. 1, left panel, lanes labeled 
galactose). This suggests that when cells 
harboring TA17A80 are grown in galac- 
tose, GAL4 is able to compete successfully 
with histones for occupancy of its binding 
site, resulting in the perturbation of a 
region of chromatin spanning two nucle- 
osomes. This interpretation is supported 
by the finding that a control plasmid, 
TAA80, lacking the GAL4 binding site in 
nucleosome I, showed no change in the 
structure of this nucleosome between cells 
grown in glucose and galactose (Fig. 1, 
right panel). Nucleosome I1 appears less 
well positioned in TAA80 than in 
TA17A80, as evidenced by the incom- 
plete protection of the cleavage in this 
region of TAA80; the reasons for this are 
not understood. 

To determine whether GAL4 could 
activate transcription when its binding 
site is incoroorated in a oositioned nucle- 
osome, I fused a 400-bp fragment encom- 
passing nucleosomes I and I1 of TA17A80 
to a P-galactosidase reporter gene (15). 
This construct, carried on a single-copy 
(CEN) plasmid, was introduced into yeast 
cells, which were assayed for p-galacto- 
sidase activity in the presence of glucose 
and galactose (Table 1). Activity was very 
low in glucose and strongly induced in 
galactose. The induced level of expression 
was not increased in the presence of a 
2-pm-based plasmid containing the GAL4 
gene, indicating that maximal binding 
and transcription are achieved with nor- 
mal wild-type levels of GAL4 protein. 
Micrococcal nuclease cleavage patterns of 
this ~lasmid were consistent with nucleo- 
some I incorporating the same DNA se- 
quence as in TA17A80 in cells grown in 
glucose; growth in galactose results in 
enhanced cleavage in this region (Fig. 2, 
arrow) as well as near the border of this 
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Fig. 1. Disruption of 
positioned nucleosomes 
in the yeast episome 
TA17A80 by GAL4 bind- 
ing. Micrococcal nucle- 
ase cleavage sites in 
chromatin (C lanes) from 

Eco RV 
Glucose Galactose 

Q Eco RV 

cells aroin in alicose C C C C C C C C D D  M a 

or medium. 
and in naked DNA (D 
lanes) were mapped in 
TA17A80 (left panel) 
and TAA80 (right pan- 
el) relative to the Eco 
RV site as indicated. 
Chromatin samples 
were digested with in- 
creasing amounts of 
micrococcal nuclease 
from the outer lanes to- 
wards the center, with 
lanes 1 and 8 being 

a ' g  
5 u m 

DNA - 

controls to which no enzyme was added. Locations of nucleo- " I somes I and I I  in cells grown in glucose are indicated; the box -310 
attached to nucleosome I represents the GAL4 binding site. 

1 2 3 4  

nucleosome (Fig. 2, lanes 5 through 7, 
vertical bar). These results indicate that 
GAL4 can activate transcription with an 
accompanying perturbation of chromatin 
structure even when its site is incorporated 
into a positioned nucleosome in cells 
grown in glucose, consistent with the 
structural data shown in Fig. 1. 

The DNA-binding domain of GAL4 is 
located in the NH,-terminal 65 amino 
acids of the protein (16), whereas the 
transcriptional activation domain is locat- 
ed at the COOH-terminus. When cells are 
grown in medium lacking both glucose and 
galactose (for example, in raffinose) , 
GAL4 occupies its normal binding sites, 
but the activation domain is masked by 
the repressor protein, GAL80, and tran- 
scription is not induced (1 7). To investi- 
gate whether the transcriptional activa- 
tion domain of GAL4 functions in the 
protein's ability to bind to DNA in chro- 
matin, I mapped the chromatin structure 
of TA17A80 from yeast cells grown in 
raffinose. The same cleavage sites seen in 
the regions of nucleosomes I and I1 in cells 
grown in galactose are seen in cells grown 
in raffinose, indicating that GAL4 is able 
to bind to TA17A80 and disrupt nucleo- 
somes I and I1 even when its activation 
domain is masked by GAL80 (Fig. 3, left 
panel). Similar results were obtained 
when GAL4 was expressed at high levels 
in glucose in yeast cells harboring 
TA17A80 (Fig. 3, right panel) (18). A 
derivative of GAL4, GAL4(1-147)H, 
which includes only the first 147 amino 
acids of GAL4 fused to a shorter amino 
acid sequence including a hemagglutinin 
epitope (1 9), also binds to TA17A80 with 
the same effect on nucleosomes I and I1 

(Fig. 4). Ectopic expression of this latter 
derivative in galactose interferes with 
transcriptional induction by GAL4 in the 
plasmid pRS3 14-1 7A80, as expected (Ta- 
ble l ) ,  indicating that it is expressed at 
levels comparable to GAL4 in cells grown 
in galactose, and this derivative also per- 
turbs the chromatin structure of pRS3 14- 
17A80 in cells grown in glucose medium 
(Fig. 2, lanes 10 through 13). 

The nuclease cleavage pattern of 
TA17A80 differs in the presence of activat- 
ing and nonactivating forms of GAL4 in 
the intensity of the cleavage site at the 
border of nucleosome I1 distal to nucleo- 
some I. The intensity of this cleavage is 
decreased only when the activation domain 
of GAL4 is present and unmasked (Figs. 1, 
3, and 4). This difference is under investi- 
gation. The strong cleavage site between 
nucleosome I of pRS3 14-17A801acZ and 
the lac2 transcription start site that is pre- 
sent in cells grown in glucose or galactose is 
much reduced in the presence of GAL4(1- 
147)H (Fig. 2). It may be that this site is 
strongly cleaved in cells grown in glucose 
because it is at the border of nucleosome I 
(9), and in cells grown in galactose it may 
reflect the transcriptional activity of the 
lac2 gene (20). When GAL4(1-147)H is 
expressed in cells grown in glucose, nucle- 
osome I is perturbed (Fig. 2, lanes 10 
through 13) and the lac2 gene is not strong- 
ly transcribed (Table l) ,  and this may 
account for the weak cutting observed at 
this site. 

Perturbation of nucleosomes I and I1 of 
TA17A80 corresponds exactly to condi- 
tions under which GAL4 is expected to 
bind (absence of glucose, Figs. 1 and 3, or 
ectopic expression of the GAL4 DNA- 

Table 1. Transcriptional activation by GAL4 
from a site within a positioned nucleosome. 
Yeast cells containing pRS314-17A80 were 
grown in the presence of glucose or galactose 
and assayed for p-galactosidase activity (15) in 
the presence or absence of the expression 
vector for GAL4 (12) or for GAL4(1-147)H (19). 
Activity is given in Miller units; numbers in 
parentheses indicate the number of indepen- 
dent determinations for each value. 

Expression vector Glucose Galactose 

- c2  300 2 20 (6) 
GAL4 c 5  290 2 40 (4) 
GAL4(1-147)H 10 * 3 (4) 170 * 50 (8) 

Glucose Galactose GAL4(1-147)H 

C C C C C C C C  D C C C C M  

2 2 t br -z *r -872 

Fig. 2. Perturbation of positioned nucleosome I 
of pRS314-17A801acZ by binding of GAL4 with 
or without its COOH-terminal activation domain. 
Micrococcal nuclease cleavage sites in 
pRS314-17A801acZ from yeast cells grown in 
galactose, or in glucose in the presence or 
absence of GAL4(1-147)H were mapped rela- 
tive to the Pvu I I  site as indicated. Samples in 
lanes 1 through 8 were digested with increas- 
ing concentrations of micrococcal nuclease 
(from the outer lanes towards the center), and 
samples in lanes 10 through 13 were digested 
with increasing concentrations of micrococcal 
nuclease (from right to left; lanes 1, 8, and 13 
are control samples to which no nuclease was 
added). To the left of lane 1 is a Pvu 11-Bgl 11 
fragment that marks the border of the GAL4 
binding site proximal to the lacZ gene. The 
location of nucleosome I in glucose is indicat- 
ed; the box attached represents the GAL4 
binding site. 

binding domain, Figs. 3 and 4) and depends 
on the presence of the GAL4 binding site 
in nucleosome I (Fig. 1). Moreover, this 
same binding site allows transcriptional in- 
duction of a reporter gene in galactose 
medium (Table 1) with an accompanying 
perturbation of chromatin structure (Fig. 
2). Photofootprinting experiments also 
show changes within and near the GAL4 
binding site of TA17A80 that correlate 
with the expected binding of GAL4 (2 1). 
Taken together, these results show that 
when cells are grown in galactose, GAL4 

1564 SCIENCE VOL. 262 3 DECEMBER 1993 



Fig. 3. Disruption of po- 
sitioned nucleosomes in 
the yeast episome 
TA17A80 by GAL4 bind- 
ing under noninducing 
conditions. Micrccoccal 
nuclease cleavage sites 
in TA17A80 from yeast 
cells grown in raffinose, 
glucose, or galactose as 
indicated (left panel) or 
in glucose in the pres- 
ence or absence of high 
levels of GAL4 (right 
panel) were mapped rel- 
ative to the Eco RV site 
as indicated. Lanes 4 
through 6, left panel, and 
lanes 1 through 4, right 
panel, contain samples 
digested with increasing 
amounts of microccccal 
nuclease; lane 1, right 
panel, is a control to 
which no enzyme was 

Eco RV Eco 
a, 

% I 
Constitutive 2 g 

GAL4 5 22 
0 a 

added. ~ocations of nu- 1 2  3 4 5 6  
cleosomes I and I I  in 
cells grown in glucose are indicated; the boxattached to nucleosome I represents the GAL4 binding site. 

can bind to a near-consensus binding site 
that is incorporated within a positioned 
nucleosome during growth in glucose, giv- 
ing rise to a "chromatin footprint." The 
ability of GAL4 to compete successfully 
with histones for occupancy of its binding 
site in yeast is consistent with results show- 
ing that GAL4 can bind to nucleosomal 
templates in vitro (3, 5). GAL4 thus be- 
haves like a factor (or factors) involved in 
tRNA transcription that interferes with 
nucleosome positioning in vivo (I I). In 
contrast, incorporation of the ARS A se- 
quence of the ARSl element into a nucleo- 
some interferes with its function (10). 
These results emphasize that different out- 
comes are possible in the competition be- 
tween histones and trans-acting factors for a 
given DNA sequence in vivo. 

Whether binding of GAL4 to its site in 
chromatin occurs by invasion into an al- 
ready formed nucleosome, or takes place 
during replication when DNA must be at 
least transiently unoccupied by histone 
proteins, has not been addressed here. For 
the normal function of this transcription 
factor, this question may not be relevant, 
because induction is slow enough that at 
least one round of replication will occur 
before transcriptional activation occurs. A 
similar situation exists for induction of the 
pH05 gene in low-phosphate medium; in 
that case, a ts mutant of the negative 
regulatory factor PH080 was used to dem- 
onstrate that pH04 could bind between 
two positioned nucleosomes and disrupt 
chromatin structure in the absence of 
replication (22). I have also not addressed 
whether histones are displaced from 

TA17A80 by GAL4, or whether nucleo- 
some structure is altered in some way to 
accommodate binding. However, since 
GAL4 contacts the major groove at two 
sites that are about 1.6 helical turns apart 
when it binds to DNA (23), it is likely 
that nucleosome structure is severely per- 
turbed by GAL4 binding. The closely 
spaced micrococcal nuclease cleavage sites 
present in the regions of nucleosomes I 
and I1 in cells grown in galactose suggest 
that this is the case. 

The GALI- I0 promoter is activated by 
GAL4. Four sites for GAL4 are present in 
a short region between the divergently 
transcribed GAL1 and GAL1 0 genes, and 
this region is accessible to DNase I even 
when GAL4 is not bound (24). Activa- 
tion of this promoter by GAL4 leads to 
changes in nearby chromatin structure, 
and these changes depend on an unmasked 
activation domain (25). This has led to 
the reasonable idea that this region of 
chromatin exists in an "open" configura- 
tion that allows binding and activation by 
GAL4. A binding site has also been locat- 
ed in this promoter for another protein, 
GRF2, which is capable of organizing 
positioned nucleosomes in vivo (26). 
Thus, it has been postulated that GRF2 is 
important in setting up a chromatin con- 
figuration that allows proper regulation of 
the GALI-I0 promoter. The results pre- 
sented here cast some doubt on this hy- 
pothesis. However, the binding site used 
in this work was closer to the consensus 
than any of the four sites present in the 
GALI -I0 promoter; the ability of GAL4 
to bind to its site in chromatin may be 

Eco RV 

Fig. 4. Disruption of positioned nucleosomes in 
the yeast episome TA17A80 by a derivative of 
GAL4 lacking the COOH-terminal activation do- 
main. Micrococcal nuclease cleavage sites in 
TA17A80 chromatin from yeast cells grown in 
glucose medium in the presence or absence of 
GAL4(1-147)H, or in galactose were mapped 
relative to the Eco RV site as indicated. Sam- 
ples in lanes 1 through 4 were digested with 
increasing amounts of micrococcal nuclease, 
with lane 1 being a control to which no enzyme 
was added. Locations of nucleosomes I and I I  
in cells grown in glucose are indicated; the box 
attached to nucleosome I represents the GAL4 
binding site. The lane labeled M contains 
4x174 DNA digested with Hae Ill. 

affected by the precise sequence of the 
binding site. 
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Tethering Ri bozymes to a Retroviral Packaging 
Signal for Destruction of Viral RNA 

Bruce A. Sullenger and Thomas R. Cech* 
Cellular compartmentalization of RNAs is thought to influence their susceptibility to ri- 
bozyme cleavage. As a test of this idea, two retroviral vectors-one encoding a hammer- 
head ribozyme designed to cleave lacztranscripts and another encoding the lacZ mes- 
senger RNA-were coexpressed inside retroviral packaging cells. Because of the retroviral 
packaging signal, the ribozyme would be expected to colocalize with the IacZ-containing 
viral genomic RNA but not with the lacZ messenger RNA. The ribozyme was found to 
reduce the titer of infectious virus containing lacZ by 90 percent, but had no effect on 
translation of laczmessenger RNA. These results indicate that sorting gene inhibitors to 
appropriate intracellular sites may increase their effectiveness. 

T h e  ability to target ribozymes to cleave 
viral RNAs in vitro has led to speculation 
about their potential therapeutic value as 
antiviral agents in vivo ( I ) .  To develop 
ribozymes for this purpose, however, one 
must consider the characteristics that dis- 
tinguish these two settings. In test tubes, 
ribozvmes and their substrates diffuse freelv. , . 
and irans-cleavage can proceed as fast as 
RNA duplex formation (2). In cells, RNAs 
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do not appear to diffuse freely but rather are 
sorted to specific cellular locations (3). 
Such compartmentalization of viral RNAs 
in vivo may reduce their availability to 
ribozymes. We propose a strategy that takes 
advantage of the cell's propensity to com- 
partmentalize biological molecules. We 
show that delivery of a ribozyme to the 
same cellular location as its target can 
substantially increase the effectiveness of 
the ribozyme. 

Our experimental system exploits proper- 
ties of retroviral replication as well as retrovi- 
ral vector-mediated gene transfer. We used 
two types of Moloney murine leukemia virus 
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