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Axelrod et al. 

Figure 4. Effects of position and substitution of the UAS G on the IS photo- 
footprint. (A) Schematics of the constructions altering UAS G posit ion or 
substituting a synthetic UAS. The dark hatched boxes are GAL4-consensus- 
site oligonucleotides; the light hatched boxes are GCN4 site oligonucle- 
otides. (B) Photofootprints of wild type and constructs moving UAS c closer 
to TATA. Strains were grown on raffinose and either induced with galactose 
( + ) or not ( - ). The corresponding Northern blots are also shown. (C) Photo- 
footprints of UAS-substituted constructs. YAX32-1 and 32-2 were grown as 
in B. Uninduced YAX31 was grown in min imal  med ium plus raffinose con- 
taining histidine (+ His). Induction of YAX31 was accomplished by growth 
in the same medium lacking histidine, followed by addit ion of 10 mM ami- 
notriazole 2 hr before harvest ( -H i s  + AT 1. The corresponding Northern 

blots are shown. For comparison of uninduced and catabolite-repressed levels, YAX32-1 was also grown on glucose (lane 17, glucose 
repressed) for comparison to lane 9 (uninduced). {D) Densitometr ic scans of lanes from B. Uninduced YAX29c (broken line), induced 
YAX29c (heavy line), and uninduced YAX26 {fine line) are superimposed to facilitate comparison. 
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Nucleosome disruption by GAL4 

Figure 5. Dependence of the IS photofoot- 
print on nucleosome depletion. (A) Strain 
UKY403 was footprinted after growth on the 
carbon source shown and compared with 
wild type (YM262). The UKY403 samples are 
underexposed relative to the YM262 sam- 
ples, because UKY403 bears extra copies of 
the GALI-IO control region driving the H4 
gene. Extra copies of the GALI-IO control 
region have no effect on the IS photofoot- 
print: A wild-type strain with a plasmid bear- 
ing the GALI-IO control region, but not ex- 
pressing H4, produces a footprint indistin- 
guishable from wild type (data not shown). In 
this experiment all strains were grown in 
synthetic medium - Trp + Gal and shifted 
to alternate media as appropriate, because 
UKY403 cannot sustain multiple doublings 
in carbon sources other than galactose. (B) A 
region containing the cluster of four bands in 
the photofootprint was scanned with a laser 
densitometer, and for each strain the results 
for growth on raffinose and galactose are su- 
perimposed. Samples from cells grown on ga- 
lactose (fine lines] and on raffinose (heavy 
lines) are shown. When superimposed, the 
patterns for UKY403 and YM262 on galac- 
tose are nearly identical (not shown). 

The off pattern correlates wi th  l o w  basal expression 
levels 

Examina t ion  of the  noninduced ,  nonrepressed  expres- 
sion levels f rom the  wi ld- type,  the  two UASG fusions  at 
- 2 1 4 ,  and the  consensus  GAL4 si te fus ions  at - 2 1 4  
shows a corre la t ion be tween  relief of the  off photofoot-  
pr in t  and increased u n i n d u c e d  express ion levels. Nor th-  
ern blots  were run  and exposed to reveal  un induced  R N A  
levels (Fig. 6). R N A  levels were quan t i t a t ed  by scann ing  
w i t h  a laser dens i tometer ,  and the  HIS3 t ranscr ip t  was 
no rma l i zed  to the DED1 in te rna l  control .  Tabular  re- 
sul ts  (Table 1) show tha t  HIS3 m R N A  increases  in un- 
induced cul tures  w h e n  the UASG is moved  closer to 

Figure 6. Northem blots demonstrating loss of suppression as 
a function of spacing. Repeat Northern blots of wild type and 
strains moving UASG downstream, or replacing UASG with syn- 
thetic GAL4 sites, are shown. The HIS3 portion of the blot was 
overexposed to reveal basal expression levels. 

TATA, inverted,  and deleted and replaced w i t h  two con- 
sensus  GAL4 sites. The  express ion levels  correlate w i t h  
the degree to w h i c h  the  off pho topa t t e rn  is d isrupted in  
this  series of constructs .  A s imple  model  to expla in  these  
observat ions  is tha t  the  IS n u c l e o s o m e  is responsible  for 
l im i t i ng  basal t ranscr ip t iona l  ac t iv i ty  to low levels. Ac- 
t iva t ion  by GAL4 disrupts  or displaces this  nuc leosome.  

Table 1. Relationship between basal expression and off 
photofootprint 

Uninduced HIS3 
Strain mRNA~/normalized b Off photofootprint r 

YAX29c 1 + + 
YAX26 22 + 
YAX27 22 + 
YAX28 40 + 
YAX32-1 35 - 
YAX32-2 34 - 

aHIS3 transcript is made from the GALl-HIS3 fusions. The 
endogenous HIS3 gene has been deleted. 
bLanes from the Northern blot shown in Fig. 6 were scanned by 
laser densitometry, and the areas under the peaks determined. 
Relative HIS3 RNA levels were determined after normalization 
to the level of DED1 RNA. DED1 expression is not affected by 
carbon source. 
CThe photofootprints shown in the appropriate figures were as- 
sessed as to the degree the pattern resembles the wild-type off 
footprint. ( + + ) Wild-type off pattern; ( - ) wild-type on pattern; 
{ + I intermediate result. 
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Axelrod et al. 

Its position and repressing function in noninducing, non- 
repressing conditions are also affected by manipulations 
that either alter the spacing of the wild-type gene or de- 
lete UASG. This is consistent with in vitro studies show- 
ing suppression of basal transcription when the template 
is preassembled into nucleosomes {Knezetic and Luse 
1986; Workman and Roeder 1987; Knezetic et al. 1988; 
Workman et al. 1990, 1991; Straka and Horz, 1991) or 
with the chromatin component histone H1 (Croston et 
al. 1991; Layboum and Kadonaga 1991). 

The IS photofootprint does not depend on transcription 
or on sequences downstream of the IS 

Previous studies showed that the IS patterns were unaf- 
fected by a 3-bp substitution in the GALl TATA box 
{TATATAAA--, TCGCTAAAT} that severely dimin- 
ished transcription (Selleck and Majors 1988). We con- 
firmed this result using the primer extension assay {Fig. 
71, and we conclude that disruption of the IS nucleosome 
requires neither a functional TATA element nor active 
transcription. It was still possible, however, that the 
photofootprint depended on a part of the downstream 
transcription complex other than TFIID or on sequences 
surrounding the TATA element or the initiation site. To 
test this, we made a deletion spanning from just up- 
stream of the TATA box to just upstream of the HIS3 

Figure 7. Photofootprint of GALl bearing a mutant or deleted 
TATA element. {Lanes 1,2) Photofootprint of GALI-HIS3 fu- 
sion gene bearing a deletion spanning from upstream of the 
TATA box through the start site of the HIS3-coding region. 
YAX41 was footprinted at the IS site, and the pattern is identical 
to the wild-type footprint. [Lanes 3,4] The strain described pre- 
viously bearing a 3-bp mutation in the GALl TATA element 
(Selleck and Majors 1988) was photofootprinted at the IS photo- 
footprint site using the primer extension method. {Lanes 5,6) 
Naked DNA controls. The footprint patterns are not different 
from that seen in the wild-type gene. In both constructs, >99% 
of full-length transcription is abolished (Selleck and Majors 
1988; data not shown). 

AUG in the fusion gene and integrated and photofoot- 
printed this construct (YAX41). The removal of these 
sequences had no effect on the IS photofootprint (Fig. 7). 
Because all GALl sequences from the TATA box down- 
stream are absent in the deleted GALl-HIS3  fusion, dis- 
ruption of the nucleosome requires an activator but is 
independent of interactions with downstream sequences 
or with basal transcription factors that are bound there. 

GAL4 derivatives disrupt the IS nucleosome 
in proportion to their strength as transcriptional 
activators 

Whether the transcriptional activation function of GAL4 
protein is responsible for disrupting the IS nucleosome, 
and altering the IS photofootprint, we reasoned that 
GAL4 derivatives that are weaker activators should 
show lesser effects on the photopattem. The structures 
of several such derivatives are schematized in Figure 8A 
(the plasmids were generous gifts of J. Ma, E. Giniger, 
and M. Ptashne, Harvard University, Cambridge, MA). 
The relative strength of the GAL4 derivatives in activat- 
ing GAL1-LacZ expression, when expressed from a 2w 
plasmid, is shown (data derived from Giniger and 
Ptashne 1987; Ma and Plashne 1987a}. pMA236 and 
pMA238 {Ma and Ptashne 1987a) express the GAL4 
DNA-binding domain fused either to the acidic carboxy- 
terminal activation domain {pMA236) or to a fragment of 
the carboxyl terminus lacking many of the acidic resi- 
dues (pMA238). pMA236 activates about half as well as 
wild-type GAL4, whereas pMA238 has almost no activ- 
ity. pEGS0 expresses the GAL4 DNA-binding domain 
fused to an amphipathic helix, whereas pEG52 expresses 
the DNA-binding domain fused to the same amino acids 
in scrambled order (Giniger and Ptashne 1987). pEG50 
has 17% of wild-type activity, whereas pEG52 has essen- 
tially none (Giniger and Ptashne 1987). Plasmids ex- 
pressing the GAL4 derivatives were transformed into a 
gal4A ga180A strain, grown on raffinose to activate ex- 
pression, and photofootprinted at the IS and the UASG. 
The IS footprint results are shown in Figure 8B. When 
compared with the wild type, the nonfunctional GAL4 
derivatives (pMA238 and pEG52) leave the off footprint 
pattern unchanged, whereas the functional derivatives 
produce the on pattern to a degree that corresponds 
roughly with their strength as transcriptional activators. 
pMA236 disrupts the IS nucleosome and alters the off 
footprint, but to a lesser extent than wild type; pEG50 is 
less active and appears to be less effective at altering the 
pattern. To our surprise, the pMA210 transformant used 
in this experiment {expressing intact GAL4} failed to pro- 
duce the on footprint. However, photofootprints of the 
UASG revealed that the GAL4-binding sites were unoc- 
cupied, suggesting that functional GAL4 protein was not 
being produced in this isolate. The other transformants 
had fully occupied GAL4-binding sites {data not shown). 
A repeat experiment for several of the GAL4 derivatives 
is shown in Figure 8B. These results support the hypoth- 
esis that the activating function of GAL4 is responsible 
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