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The assembly of multicomponent complexes at promoters, enhancers, and silencers likely entails 
perturbations in the path of the DNA helix. We present evidence that YY1, a ubiquitously expressed 
DNA-binding protein, regulates the activity of the c-los promoter primarily through an effect on DNA 
structure. YY1 binds to and induces a phased DNA bend at three sites in this promoter. By use of a truncated 
c-los promoter activity containing a single functional YY1 site, we show that YY1 represses promoter activity 
but that repression does not appear to be an intrinsic property of the protein in this context. Moreover, when 
the orientation of the YY1 site is reversed, YY1 activates the same promoter. Repression by YY1 is also 
alleviated by changing the relative phasing of factor-binding sites on either side of YY1. We conclude that the 
principal function of YY1 in this promoter is to bend DNA to regulate contact between other proteins. Thus, 
YY1 represents a new class of transcription factors that influences promoter function by affecting promoter 
structure rather than by directly contacting the transcriptional machinery. We provide evidence that the 
product of the male sex determination gene SRY may also belong to this class of structural factors. 
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Activation or repression of transcription is largely depen- 
dent on the interaction of transcriptional activators and 
repressors with components of the basal transcription 
machinery (Ma and Ptashne 19871 Ptashne 19881 Levine 
and Manley 19891 Ptashne and Gann 19901 Dynlacht et 
al. 19911 Lin and Green 19911 Lin et al. 1991). The in- 
teraction between regulatory factors and basal machin- 
ery is often dependent on the position and/or the dis- 
tance between their binding sites on the DNA. The DNA 
helix is rather inflexible over short distances of a few 
hundred base pairs (Wang and Giaever 1988}. Therefore, 
interaction between proteins separated by small dis- 
tances warrants sharp structural changes in the interven- 
ing DNA helix (Kerppola and Curran 1992}. Some, but 
not necessarily all, transcription factors have the ability 
to induce structural changes in the DNA (Travers 19901 
Kerppola and Curran 19931 Van der Vliet and Verrijzer 
1993}. In several cases, however, interaction between 
proteins separated by short distances on DNA may be 
mediated by so-called structural factors {Giese et al. 
19921 Thanos and Maniatis 19921. Structural factors 
have no intrinsic activation or repression potential of 
their own but may instead induce structural changes 
such as bends in the DNA helix to facilitate the assem- 
bly of higher order protein-DNA complexes. 

DNA bending and looping clearly play a role in the 
regulation of transcription, replication, and recombina- 
tion in bacteria {Salvo and Grindley 1988~ DeVargas et al. 

~Corresponding author. 

19891 Zinkel and Crothers 1991~ Wang et al. 1992~ Perez- 
Martin and Espinosa 1993). One well-studied case in- 
volves integration host factor (IHF), an Escherichia coil 
protein required for the integration of h DNA into the 
bacterial chromosome (DeVargas et al. 1989). DNA 
bending induced by IHF brings the P' and core arm sites 
of phage DNA into close proximity and allows the k 
integrase to promote looping of the intervening se- 
quences. This process facilitates site-specific cleavage 
and recombination. Replacing the IHF-binding site with 
an intrinsic DNA bend is sufficient for juxtaposing the P' 
and core sites, suggesting that the principal role of IHF in 
integration is to induce DNA bending (Nash 1990}. DNA 
bending has also been reported to influence transcription 
in bacteria (Perez-Martin and Espinosa 1993). 

Many mammalian DNA-binding proteins also bend 
DNA, but in general the role, if any, of bending in the 
function of these proteins is less clear. One example is 
LEF-1, a lymphoid-specific high mobiligy group (HMG} 
domain protein that binds to a site in the T-cell a en- 
hancer and sharply bends the DNA (Giese et al. 1992). 
Reiterated LEF-l-binding sites have no transcriptional 
activity on their own. Rather, LEF-1 is proposed to act as 
an architectural element that mediates the assembly of a 
complex of other transcription factors at the enhancer. 
Another HMG domain protein, HMG I/Y binds to sev- 
eral sites in the B-interferon promoter {Thanos and Ma- 
niatis 1992). Here, too, it has been proposed that one role 
of HMG I/Y is to organize DNA structure to facilitate 
the assembly of a transcription factor complex at the 
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virus-inducible element of this promoter. Many other 
mammalian transcription factors have been reported to 
bend DNA, including Fos, Jun, serum response factor, 
NF-KB, TFIID, Myc/Max, and Oct-1 (Gustafson et al. 
1989; Schreck et al. 1990; Kerppola and Curran 1991, 
1993; Verrijzer et al. 1991; Fisher et al. 1992; Giese et al. 
1992; Horikoshi et al. 1992), although the functional sig- 
nificance of bending by these proteins is not known. Col- 
lectively, however, these studies suggest that the struc- 
tural changes in the DNA induced by DNA-bending pro- 
teins may facilitate the formation of higher order DNA-  
protein complexes. In mammalian genes, DNA bending 
could be particularly important in allowing regulated ac- 
cess of distantly bound transcription factors to the basal 
transcriptional machinery at the promoter. 

The c-los proto-oncogene is a highly regulated gene 
where structural organization may be particularly cru- 
cial. Transcription of the c-los gene is induced within 
minutes of exposure to a variety of extracellular factors 
(Rivera and Greenberg 1990). Remodeling of c-los chro- 
matin is apparent within 90 sec of growth factor treat- 
ment (Feng and Villeponteau 1990), and induction of rel- 
evant DNA-binding proteins has been observed as early 
as 20 sec after growth factor treatment (Sadowski and 
Gilman 19931. Thus, the assembly of active transcription 
complexes at the c-los promoter occurs quickly and may 
be facilitated in some way. Moreover, c-los transcription 
is activated independently by several distinct signal 
transduction pathways that act through discrete regula- 
tory elements spread over -300 bp of flanking sequence. 
Proteins bound at these sites must all have access to the 
basal machinery assembled at the c-los promoter. Thus, 
it is likely that the spatial organization of the c-los pro- 
moter is critical to its correct function. 

Here, we present evidence suggesting that one protein 
responsible for the structural organization of the c-los 
promoter is YY1. YY1, also known as NF-E1, 8, UCRBP, 
and LBF, is a ubiquitously expressed zinc finger protein 
that has been identified in several different contexts 
(Hariharan et al. 1991; Park and Atchison 1991; Shi et al. 
1991; Chen et al. 1992; Flanagan et al. 1992). YY1 is a 
very abundant protein with relatively degenerate DNA- 
binding specificity; thus, binding sites for YY1 are 
widely distributed in many cellular and viral promoters 
(Hahn 1992). In many instances, YY1 appears to function 
as a transcriptional repressor (Park and Atchison 1991; 
Shi et al. 1991; Flanagan et al. 1992), whereas in other 
cases it appears to be an activator of transcription (Riggs 
et al. 1991 ). 

Gualberto and co-workers (Gualberto et al. 1992) have 
recently proposed that a previously characterized pro- 
tein, p62DBF/MAPF1 (Ryan et al. 1989; Walsh 1989), 
which binds to the c-los serum response element (SRE), 
may be identical to YY1. In support of this hypothesis, 
we found that affinity-purified HeLa p62 DBF was antigen- 
ically related to YY1 and behaved identically to recom- 
binant YY1 in a variety of biochemical assays (S. Nate- 
san and M.Z. Gilman, unpubl.}. We now report that YY1 
binds to at least three sites in the mouse c-los promoter 
and that it bends the DNA at each site. By use of a sim- 

plified c-los promoter derivative containing a single nat- 
ural YY1 site, we show that YY1 has no intrinsic acti- 
vation or repression activity on the promoter. Instead, it 
appears to organize the promoter to facilitate or interfere 
with the interaction of proteins on either side of its bind- 
ing site. Consistent with this hypothesis, an unrelated 
DNA-bending protein can partially substitute for YY1 at 
this site. 

Results 

YY1 binds to multiple sites in the mouse 
c-fos promoter 

The mouse c-los promoter contains several CCAT mo- 
tifs that are found in most YYl-binding sites. Besides the 
SRE at -310, potential YY1 sites were identified at 
- 2 5 5  and -55.  The latter site is situated between the 
major c-los cAMP response element (CRE) and the 
TATA box. To determine whether YY1 bound to these 
sites, we carried out mobility retardation assays with 
bacterially expressed YY1 and radiolabeled probes corre- 
sponding to each site. Figure 1A shows that YY1 bound 
to all three probes (lanes 1,6,11). In each case, binding 
was abolished by YY1 antibody {lanes 2, 7,12). Binding of 
YY1 to each probe was abolished by the inclusion of 
excess unlabeled oligonucleotide identical to the probe 
(lanes 3,8,13), but not by unrelated oligonucleotides, in- 
dicating that YY1 interacts specifically with each of 
these probes. To determine whether YY1 bound the pre- 
dicted sites in each probe, we carried out methylation 
interference experiments. Figure 1B shows the methyl- 
ation interference analysis of YY1 on the noncoding 
strand of each probe. In each case, the methylated gua- 
nines that interfere with YY1-DNA contact correspond 
to the predicted YYl-binding site. The sequence in the 
- 55 region, 5'-GGAAGTCCATCCAT-3', contains two 
GCAT repeats. We observed partial interference at the 
gnanosines complementary to both CCAT units, sug- 
gesting that YY1 can bind to either CCAT sequence in 
vitro but not to both simultaneously. 

YY1 binding induces DNA bending at mult iple  sites 
in the mouse c-fos promoter 

While assaying affinity-purified HeLa p62DBF/yY1 on a 
variety of SRE-derived probes, we noted that the mobil- 
ity of the protein-DNA complexes formed on different 
probes varied significantly. This behavior suggested that 
the protein might bend DNA. To test directly whether 
YY1 binding induced DNA bending, we carried out cir- 
cular permutation and phasing experiments. To generate 
probes for the circular permutation assays, oligonucle- 
otides containing each of the three YY1 sites in the c-fos 
promoter were cloned between two tandemly repeated 
polylinkers in the pBend2 vector (Kim et al. 1989). This 
plasmid allows the generation of probes that are identi- 
cal in size and sequence but differ in the position of the 
YY1 site within the probe. Mobility retardation assays 
using circularly permutated probes containing the three 
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Figure 1. YY1 binds to multiple sites in the mouse c-fos promoter. 
(A) Mobility retardation assays of bacterially expressed YY1 on 
probes corresponding to three regions in the mouse c-fos promoter. 
The numbers at the top define the limits of the probe sequence in 
the mouse c-los promoter. Competitor oligonucleotides (SELF) at 
100-fold molar excess, were identical to the probe (lanes 3,8,13); 
(pml21 a derivative of the c-fos SRE that does not bind YY1 (Ryan 
et al. 1989) (lanes 4,9,14); (CRE) corresponding to the somatostatin 
CRE {lanes 5,10,I5} In lanes 2,7,12, hybridoma supematant {2 ~1) 
containing monoclonal anti-YY1 antibody [aYYl-Ig3-1 (Seto et al. 
19911] was added to the binding reaction before the addition of 
probe. {B} DMS interference assay showing the methylated guanines that interfere completely (O) or partially (C)) with the binding of 
YY1. The gels show the interference patterns on the bottom strand only. The numbers at the top define the limits of the probe derived 
from mouse c-fos promoter. A summary of the methylation interference pattern for each YY1 site, including data not shown for the 
upper strand, is shown at the bottom of the corresponding panel. 

YY1 sites are shown in Figure 2A. In each case, the mo- 
bility of the YYl-probe complex in the gel varied de- 
pending on the location of the YY1 site within the probe. 
The migration of the YY1-DNA complex was slowest 
when the YY1 site was at the center of the probe. The 
fastest migrating complexes were observed when the 
YY1 sites were situated near an end of the probe. These 
observations indicate that YY1 is altering the shape of 
the DNA molecule. 

The circular permutation assay allows localization of 
the point of distortion in the DNA helix induced by pro- 
tein binding. For the SRE and -255  sites, the putative 
bend center mapped to the center of the YY1 site be- 
tween the C and A nucleotides in the CCAT core (see 
Materials and methods). Because the bands generated 
with the - 5 5  probe represent a mixture of two com- 
plexes at different positions in the probe, it was not pos- 
sible to map a bend center. Comparison of the bend angle 
induced in each probe by YY1 with reference probes con- 
taining intrinsic bends showed that YY1 bends the DNA 
to - 8 6  ~ and 78 ~ at the SRE and -255  sites, respectively 

(see Materials and methods}. Again, because the - 5 5  
probe carries two YY1 sites, we could not unambigu- 
ously measure the bend angle, but the magnitude of 
bending in this probe is similar to the others. 

The change in the mobility of a protein-DNA complex 
can be caused by a variety of distortions of the DNA 
helix, including protein-induced bending, cmciforms, 
H-DNA, and triple helix formation (Kerppola and Curran 
1991 }. Circular permutation analysis localizes the distor- 
tion in the DNA structure, but it does not identify the 
nature of the distortion. The presence of protein-induced 
bends in DNA is diagnosed more accurately using phas- 
ing analysis {Wu and Crothers 19841 Zinkel and Crothers 
1987}. This assay is based on the phase-dependent coop- 
erative interaction between two bends in a DNA mole- 
cule. If two bends are in the same phase, the bends co- 
operate, resulting in an additive degree of DNA bending. 
If the bends are in opposite phases, they cancel and re- 
duce the overall degree of bending. To understand 
whether YY1 induces true DNA bending, we used this 
phase-sensitive detection method. For this assay, an oli- 
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Figure 2. YY1 bends the mouse c-los pro- 
moter at multiple sites. (A) Circular permu- 
tation analysis of DNA bending induced by 
purified recombinant YY1. Each panel is a 
representative mobility retardation assay of 
YY1 complexes on circularly permutated 
probes containing the indicated YY1 sites. 
The numbers at the top of each panel corre- 
spond to the nucleotide sequences in the 
mouse c-los promoter that were inserted in 
the pBend2 vector to generate probes for this 
assay. A schematic diagram of the tandemly 
repeated restriction sites and the position in 
which the YY1 sites were cloned (E3) is shown 
at the bottom. (B} Phasing analysis of YY1 
binding to the SRE site. A representative mo- 
bility retardation assay using recombinant 
YY1 and phased SRE probes is shown. The 
phased probes contained a variable nucleotide 
spacer, indicated above each lane, between 
the YYl-binding site and an intrinsically bent 
DNA sequence {see Materials and methods}. 

gonucleotide containing the -310  YYl-binding site was 
inserted in front of an intrinsic AT-rich sequence known 
to bend DNA toward the minor groove (Zinkel and 
Crothers 1987). Phase changes between SRE and the in- 
trinsic bend were achieved by inserting 2, 5, 7, or 10 bp 
between the sites. Figure 2B shows that the slowest mi- 
grating YY1-DNA complex contained a 5-bp insertion, 
whereas the fastest migrating complex contained a 10-bp 
insertion. These results show that YY1 is able to induce 
a fixed bend in the DNA that can cooperate with or 
counteract the effect of the intrinsic DNA bend. Calcu- 
lation of the bend angle from phasing experiments indi- 
cated that YY1 bends the DNA to -78  ~ This value 
agrees well with the angles calculated from the circular 
permutation experiments. 

YY1 is a repressor of CRE-dependent c-fos 
promoter activity 

The bending and phasing data suggest that YY1 can bend 
the mouse c-los promoter at at least three different sites. 
Thus, YY1 has the potential to induce significant curva- 
ture in the c-los promoter. It is likely that a distortion of 
such magnitude would have a significant impact on c-los 
promoter function. To determine whether DNA bending 
by YY1 plays a role in the activity of the c-los promoter, 
we performed a series of transfection experiments with a 
simplified c-los promoter carrying sequences from -71 
to + 109 fused to the bacterial CAT gene. This promoter 

consists of the major c-/os CRE ( -68  to -61) and the 
TATA box ( - 34 to - 291, separated by the dual YY1 sites 
( -54  to -47J (Fig. 3A). 

To determine the function of YY1 in this region of the 
c-los promoter, we introduced mutations into the YY1 
sites {Fig. 3A1. Wild-type and mutant promoter plasmids 
were transiently transfected into HeLa cells, and extracts 
of the transfected cells were assayed for CAT activity. 
Figure 3B shows that when both potential YY1 sites in 
the promoter were mutated, promoter activity increased 
approximately fourfold (cf. lane 2 with lane 1). Thus, in 
the wild-type c-los promoter the YY1 sites repress tran- 
scription. This effect was reproduced by mutating only 
the promoter-distal YY1 site {lane 3), whereas mutation 
of the promoter-proximal site had no effect (lane 4). 
Thus, the distal CCAT appears to be the functional ele- 
ment for repression in vivo. 

The repression activity attributed to YY1 in the c-los 
promoter could be the result of an intrinsic ability to 
repress the activity of the basal transcription machinery 
or to an ability to interfere with function of an activator 
bound at the neighboring CRE. To distinguish between 
these possibilities, we made additional mutations that 
abolish the activity of the CRE {Fig. 3A) and tested these 
promoters by transfection in HeLa cells. Figure 3B shows 
that consistent with an earlier deletion analysis of the 
mouse c-los promoter (Gilman et al. 19861, mutation of 
the CRE site led to a significant reduction in promoter 
activity (cf. lane 5 with lane 1 ). In contrast to promoters 
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Figure 3. YY1 is a repressor of CRE-depen- 
dent transcriptional activation. {A} Sche- 
matic diagram of reporter plasmids used in 
this experiment. The arrows indicate the 
number and orientation of either wild-type 
(solidi or mutant {openl YY1 sites. The se- 
quences between - 71 and the TATA box in 
the wild-type plasmid are shown at the top. 
The sequences under the schematic diagram 
of each mutant show the substitutions rel- 
ative to wild type. (B} HeLa cells were trans- 
fected with reporter plasmids -71wt {lane 
1}, -71pm70 (lane 2), -71pm71 (lane 3), 
-71pm72 {lane a), -71pro3 {lane 5}, 
- 71pm3/70 (lane 6], - 71pm3/71 {lane 7), 
or -71pm3/72 (lane 8}. Extracts were pre- 
pared from the cells ~36 hr after transfec- 

tion and assayed for CAT activity. Assays were normalized for the ~-galactosidase internal control. A representative experiment is 
shown. The numbers at right are the average values and standard deviation derived from a minimum of three experiments. {C} Mobility 
retardation assays of bacterially expressed YY1 and in vitro-translated CREB protein on probes derived from -71wt {lanes 1-3}, 
-71pm3 {lanes 4-6), -71pro70 and -71pm3/70 reporter plasmids. Probes carried sequences from -71 to + 23. The arrows indicate 
protein-DNA complexes formed by YY1 (Y} or CREB (CI or both (Y + C}. The free probe was run out of the gel to enhance resolution 
of the different protein-DNA complexes. 

containing an intact  CRE, muta t ion  of the YY1 si tes  in 
the CRE mutan t  had no significant effect on promoter 
activity {lanes 6-8}. Assuming that the residual CAT ac- 
t ivity measured from the mutan t  promoters arises from 
transcripts ini t iat ing at the c-los promoter, these obser- 
vations suggest that the YY1 sites in this promoter have 
no intr insic  repression activity in the absence of a func- 
tional CRE. This  result  argues against any direct action 
of YY1 on the basal transcription machinery  at the c-los 
promoter and suggests instead that YY1 exerts its activ- 
ity via proteins bound at the CRE. 

One mechan i sm by which  YY1 could interfere wi th  
the funct ion of the CRE is by competi t ively excluding 
the binding of proteins to the CRE. To rule out this pos- 

sibility, we performed DNA-binding assays wi th  recom- 
binant  YY1 and cAMP response e lement  binding ICREB} 
protein {Hoeffler et al. 1988~ Gonzalez et al. 1989~ 
Berkowitz and Gi lman  1990}, which  binds to the c-los 
CRE {Sassone-Corsi et al. 1988; Yamamoto et al. 1988~ 
Berkowitz and Gi lman  1990J. Figure 3B shows that  
CREB and YY1 can each bind to the c-fos promoter {lanes 
1,2}. When the proteins were added together, a complex 
of slower mobi l i ty  was Observed, suggesting that CREB 
and YY1 can co-occupy the promoter {lane 3}. This pu- 
tative ternary complex failed to form on probes that car- 
ried mutat ions  either in the CRE or the YY1 sites, indi- 
cating that the complex contains both proteins. Binding 
of CREB and YY1 to this probe appeared to be indepen- 
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dent events and showed no evidence of positive or neg- 
ative cooperativity. These data suggest that YY1 does 
not act by affecting the binding of CREB or s imilar  pro- 
reins to the CRE. 

Activi ty  of the YY1 site is orientation dependent 

Our data suggest that YY1 normal ly  functions as a re- 
pressor in the truncated c-los promoter and that its abil- 
i ty to repress promoter activity depends on the presence 
of an intact upstream CRE. Because YY1 bends DNA to 
which  it binds, we speculated that its repression activity 
might  be attr ibutable to a structural distortion of the 
DNA helix that prevents proteins bound at the CRE 
from interacting opt imal ly  wi th  the basal transcription 
machinery  assembled downstream of the YY1 site. If 
DNA bending is responsible for the activity of YY1 in 
the c-los promoter, we reasoned that reversing the ori- 
entat ion of the YY1 site and, therefore, changing the an- 
gle of the induced bend would have a dramatic effect on 
promoter activity. To test this hypothesis, we created a 
mutan t  c-los promoter in which  a 10-bp sequence carry- 
ing the YY1 s i te- -essent ia l ly  a full  helical  t u m  of the 
D N A m w a s  reversed (Fig. 4A). As a control we made an 
additional mutan t  in which  the reversed segment carried 
mutat ions  that abolish YY1 binding. These constructs 
were tested by transient  transfection assay in HeLa cells. 
As shown previously in Figure 3B, muta t ion  of the YY1 
sites in the c-los promoter elevated promoter activity, by 
approximately threefold in this experiment  (Fig. 4B, 
lanes 1,2); the activi ty of the pm70 promoter (lane 2} can 
be regarded as the baseline activity in the absence of YY1 
sites. When the orientation of the YY1 sites was re- 

versed, promoter activity increased nearly 6-fold over the 
activity in the absence of YY1 sites and 15-fold relative 
to the wild-type promoter {lane 3). Thus, in the natural  
orientation the YY1 site represses promoter activity, 
whereas in the reverse orientation the YY1 site activates 
the promoter. Activation is most  l ikely at tr ibutable to 
the YY1 site and not a fortuitous activator site created in 
this construct, because activation of the reversed pro- 
moter was prevented by substi tut ions that abolish YY1 
binding {lane 4). The abil i ty of the reversed YYl-binding 
site to activate the promoter, l ike the abil i ty of the nat- 
ural sequence to repress, was absolutely dependent on 
the presence of an intact upstream CRE {lanes 5-8). 
Thus, activation, l ike repression, appears not to be an 
intrinsic activity of YY1 at this promoter. Rather, in  one 
orientation YY1 appears to facilitate activation by CRE- 
binding proteins, whereas in the other it interferes wi th  
activation. These data are consistent wi th  the idea that 
the activity of YY1 on the c-los promoter arises from its 
abili ty to bend the D N A  and not from any intr insic ac- 
t ivation or repression activity. 

YYl-dependent activation and repression of CREB 
activity in Drosophila cells 

Although we have attributed the activities of the YY1 
sites in the c-los promoter to YY1 and the CRE sites to 
CREB, we cannot be certain that these are the proteins 
functioning at these sites in HeLa cells. To c i rcumvent  
this problem, we took advantage of the observation that 
Drosophila SL2 cells lack detectable YY1 activi ty (Seto 
et al. 1991). Thus, we could determine whether  the ac- 
tivities we observed in HeLa cells could be recapitulated 

Figure 4. The activity of YY1 on the mouse 
c-los promoter is orientation dependent. (A) 
Schemati~ diagram of the -71wt and mu- 
tant reporter plasmids, depicted as described 
in the legend to Fig. 3. (B) HeLa cells were 
transfected with reporter plasmids -71wt 
(lane 1), - 71pm70 (lane 2), - 71pm73 [lane 
3), -71pm74 (lane 4), -71pm3 (lane 5), 
- 71pm3/70 [lane 6), - 71pm3/73 {lane 7), or 
-71pm3/74 [lane 8). Cells were harvested, 
and extracts were assayed for CAT activity. 
A representative experiment is shown. Aver- 
age CAT conversions and standard deviation 
from a minimum of three experiments are 
shown at right. The assay in lane 3 is outside 
the linear range of the assay and thus likely 
underestimates the activity of this construct. 
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in SL2 cells with exogenously supplied YY1 and CREB. 
When the truncated mouse c-fos promoter was trans- 
fected into SL2 cells, it was very weakly active (Fig. 
5A, B, lanes 1). Cotransfection of an expression vector 
producing human CREB activated the promoter approx- 
imately sixfold {lanes 3), indicating that activity of any 
endogenous CRE-binding proteins in SL2 cells is rela- 
tively low. The activity of the human CREB protein on 
the c-los promoter could be completely abolished by YY1 
{lane 4). Thus, authentic YY1 is capable of repressing 
promoter activity resulting from an authentic CREB. Re- 
pression by YY1 required the presence of YYl-binding 
sites {lanes 12,16) and, therefore, is not attributable to 
squelching. Moreover, on the promoter carrying the re- 
versed YY1 site, introduction of YY1 activated rather 
than repressed CREB-dependent transcription, although 
the magnitude of activation was less than that observed 
in HeLa cells (lane 8). Finally, YY1 alone neither re- 
pressed nor activated the promoter in the absence of 
cotransfected CREB, indicating that it has no intrinsic 
activation or repression activity in SL2 cells. Thus, the 
function of YY1 in the SL2 cells is identical to that in- 
ferred from the HeLa experiments. YY1 functions in an 
orientation-dependent fashion to repress or augment the 
transcriptional activity of CREB on the c-los promoter. 

Altered phasing of the CRE and TATA elements 
abolishes repression 

If YY1 is bending DNA such that CREB is bent away 
from the TATA element in the natural promoter but 
toward the TATA element in the reversed construct, 
then the precise phasing of the CRE and TATA elements 
on the DNA helix should also be critical to promoter 

function. Specifically, we imagine that insertion of 5 bp 
between the CRE and the TATA element should effec- 
tively rotate CREB by half a helical turn relative to the 
transcription complex. If the DNA is bent such that 
CREB is bent away from the basal machinery in the wild- 
type promoter, then this insertion should bring CREB to 
the opposite face of the helix, closer to the basal machin- 
ery. Consequently, the promoter should be activated by 
such an insertion. Figure 6 shows that consistent with 
this prediction, insertion of 5 bp between the CRE and 
YY1 site activated the promoter by fourfold (Fig. 6B, lane 
2). Inserting an additional 5 bp, thereby rotating the CRE 
back to the original helical face, restored promoter ac- 
tivity to wild-type level (lane 3). Identical results were 
observed when 5- and 10-bp insertions were placed be- 
tween YY1 and the TATA box (lanes 4,5). That inser- 
tions on either side of YY1 had the same effect argues 
against the idea that specific contacts between YY1 and 
CREB or between YY1 and basal transcription factors are 
required for its activity. Rather, these data support the 
idea that the positioning of the CRE and TATA elements 
relative to each other determines promoter activity, and 
it is the function of YY1 to fix this positioning. 

An unrelated DNA-bending protein partially mimics 
YY1 function 

Taken together, our data argue that the function of YY1 
in the simplified c-fos promoter is to coordinate the ter- 
tiary structure of promoter DNA and thereby to direct  
the interactions among other proteins at the promoter. If 
this is the sole function of YY1, then its activity should 
be mimicked by an unrelated DNA-bending protein. It 
was possible for us to test this hypothesis because the 

Figure 5. Orientation-dependent activation or repression of CREB-dependent transcription by YY1 in Drosophila SL2 cells. {A) 
Drosophila SL2 cells were transfected with -71wt [lanes 1-4), -71pm73 (lanes 5-8), -71pro70 (lanes 9-12), or -71pm74 (lanes 
13-I6) alone, or with effector plasmids expressing YY1 and/or CREB, as indicated. Cells were harvested 36 hr after transfection, and 
CAT activity was measured from extracts, following normalization for [~-galactosidase activity. A representative experiment is shown. 
{B) Average CAT activity and standard deviation from three SL2 transfection experiments. 
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Figure 6. Changing the phasing between 
the CRE and TATA box elements counter- 
acts YYl-mediated repression. {A) Sche- 
matic diagram of reporters containing ei- 
ther 5- or 10-base insertions at the posi- 
tions shown. (B) HeLa ceils were 
transfected with reporter plasmid -71wt 
{lane 1), -71pm75 Ilane 2), -71pm76 
[lane 3), -71pm77 {lane 4), or -71pm78 
Ilane 5). Cells were harvested and assayed 
for CAT activity. A representative experi- 
ment is shown. The numbers at right in- 
dicate the average CAT activity and stan- 
dard deviation from three experiments. 

product of the mouse testis-determining factor gene, 
SRY (Gubbay et al. 1990}, is a DNA-bending protein that 
binds sequences similar to those bound by YY1 [Giese et 
al. 1992}. Despite overlapping DNA-binding specificity, 
SRY and YY1 are completely unrelated in structure. SRY 
is an HMG domain protein, whereas YY1 is a member of 
the zinc finger family, if DNA bending by YY1 is its 
critical activity at the c-los promoter, then SRY ought to 
behave similarly in our assays. It is unlikely, however, 
that they would behave identically, because the center, 
direction, and magnitude of the DNA bends induced by 
the proteins almost certainly differ. Indeed, both the di- 
rection and magnitude of one characterized SRY-induced 
bend differ significantly from the bend induced in the 
c-los promoter by YY1 (Giese et al. 19921. Nevertheless, 
if bending is the pertinent function of YY1, any activity, 
positive or negative, elicited by SRY ought to be orien- 
tation dependent and require functional CREB. 

To test these ideas, we placed the SRY cDNA into a 
Drosophila expression vector and examined its activity 
on the c-los promoter in SL2 cells. Figure 7 shows that 
SRY does share some properties with YY1. First, like 
YY1, SRY repressed the stimulatory activity of CREB on 
this promoter {lane 4}~ this activity required an intact 
SRY-binding site {lane 121. Second, repression by SRY 
required the presence of active CREB (lane 2), showing 
that repression in this assay is not an intrinsic activity of 
SRY but rather a manifestation of its ability to influence 

the function of a neighboring protein. Third, SRY func- 
tion was orientation dependent, because in the reverse 
orientation, SRY did not significantly repress CREB ac- 
tivity [lane 8). Here, SRY differs from YY1, which mod- 
estly activates the reversed construct in SL2 cells {Fig. 5 }. 
Thus, SRY functions as an orientation-dependent repres- 
sor of CREB activity, mimicking many of the activities 
of YY1. Because these proteins share no obvious function 
besides DNA binding and DNA bending, we argue that 
site-specific DNA bending is the principal role of YY1 in 
the c-los promoter. 

Discussion 

YY1 is an unusual protein in that it both represses and 
activates transcription, depending on the promoter con- 
text {Hahn 1992). It has been proposed that this dual 
activity implies the presence of two distinct functional 
domains in the protein, one for repression and one for 
activation {Shi et al. 1991}. Here, we provide evidence 
that activation and repression by YY1 may be manifes- 
tations of the same biochemical activity, the ability to 
bend DNA. Thus, YY1 may define a new class of tran- 
scription factors that organize the topology of the tran- 
scription complex rather than influence its assembly di- 
rectly. 

Several observations support this idea. First, we find 
that binding of YY1 to DNA is consistently associated 
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Figure 7. Testis-determining factor, SRY, is an orientation-dependent repressor of CREB protein activity in Drosophila SL2 cells. (A) 
Drosophila SL2 cells were transfected with -71wt (lanes 1-4}, -71pm73 (lanes 5-8), -71pm70 (lanes 9-12) or -71pm74 {lanes 
13-16) alone or with the indicated effector plasmids. Cells were harvested and assayed for CAT activity. A representative experiment 
is shown. {B) Average CAT activity and standard deviation from three SL2 transfection experiments. 

with the formation of a precisely phased bend in the 
DNA helix. Second, we find that YY1 activity at the 
c-los promoter in vivo has the unusual property of being 
orientation dependent. Third, the activity of YY1, both 
positive and negative, depends on the presence of an ac- 
tive CRE 5' to the YY1 site; YY1 itself appears to have no 
intrinsic activation or repression activity on this pro- 
moter. Fourth, rotating either the CRE or the TATA el- 
ement to the opposite face of the helix mimics the effect 
of changing the direction of the YY1 bend and activates 
the promoter. Fifth, the effect of YY1 on c-fos promoter 
function can be mimicked in part by SRY, an unrelated 
protein that can bind the YY1 site and bend DNA. 

Together, these observations suggest that the principal 
function of YY1 in this promoter is to alter the path of 
the DNA helix. In its normal configuration, we imagine 
that YY1 bends the DNA such that CREB is oriented 
away from the transcription complex. Reversing the YY1 
site changes the path of the DNA helix so that CREB is 
now oriented toward the transcription complex, allow- 
ing it to interact more readily. Alternatively, insertion of 
5 bp on either side of the YY1 site rotates CREB by half 
a helical turn relative to the transcription complex, so 
that the natural YYl-induced bend promotes rather than 
prevents contact. 

Clearly, however, YY1 may have different functions in 
other promoters. It could, for example, interact compet- 
itively with proteins that recognize an overlapping site 
or facilitate the binding of other proteins via direct pro- 
tein-protein contact. Furthermore, it could have intrin- 
sic activation and repression functions that work in a 
context-dependent fashion, as has been reported for 
LEF-1 (Giese and Grosschedl 1993). 

Why would YY1 bend a key activator of c-los tran- 
scription away from the basal transcription complex? 
One possibility is that this organization keeps promoter 

activity low in the absence of an overriding stimulatory 
signal. Activation of c-los transcription may then be as- 
sociated with a structural rearrangement of the DNA or 
of factors bound to the DNA. Alternatively, bending 
CREB away from the promoter may favor access of other 
factors, such as those bound at the SRE located 300 bp 
upstream of the start site of transcription. A third pos- 
sibility is that protein-induced bends provide a mecha- 
nism for phasing nucleosomes. Furthermore, the appar- 
ent repression by YY1 may reflect our use of transiently 
transfected templates. In its natural context, embedded 
in chromatin and with all relevant transcription factors 
bound, YY1 may not be inhibitory. 

Transcription factors that control promoter topology 

We propose that YY1 belongs to a new class of transcrip- 
tion factors with the principal function of organizing 
promoter topology. Such factors facilitate the assembly 
of transcription complexes not through direct contact 
with other protein components, as is proposed for con- 
ventional transcription factors (Ptashne 1988; Roeder 
1991; Gill and Tjian 1992)but, instead, through altering 
the path of the DNA helix to facilitate, in an indirect 
fashion, interactions among other proteins. It is likely 
that topology factors like YY1 are important in organiz- 
ing multiprotein complexes close to the promoter as 
well as at large multicomponent enhancers and si- 
lencers. 

Two other mammalian DNA-binding proteins have 
been proposed to act in a similar fashion. The lymphoid- 
specific HMG domain protein LEF-1 appears to activate 
the T-cell ~ enhancer by enabling the function of neigh- 
boring transcription factors; multimerized LEF-1 sites 
have no activity on their own (Giese et al. 1992). LEF-I 
induces a sharp bend in DNA and can substitute for t h e  
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bacterial protein IHF in an in vitro integration assay 
{Giese et al. 1992). But it is not clear that its DNA-bend- 
ing activity accounts for its activity on the T-cell a en- 
hancer. Indeed, LEF-1 contains an activation domain 
that is itself context sensitive (Giese and Grosschedl 
1993), suggesting that it may interact directly with 
flanking factors. 

Similarly, the HMG I/Y protein has no activity on its 
own at the B-interferon promoter, although it is required 
for activation of the promoter by NF-vd3 and ATF-2 (Tha- 
nos and Maniatis 1992; Du et al. 1993). Although HMG 
I/Y bends DNA, it has additional functions that are 
likely to contribute to its activity at the B-interferon 
promoter. Significantly, it enhances the binding of NF- 
rJ3 and ATF-2 to their binding sites in the promoter, and 
it interacts directly with both proteins {Duet al. 1993). 

In contrast, we believe that the major, and perhaps the 
sole, function of YY1 at the truncated c-fos promoter 
used in our experiments is to coordinate the positioning 
of the CRE and TATA elements. It has no function in the 
absence of a CRE, and its activities can be mimicked by 
changing the relative phasing of the CRE and TATA or 
by an unrelated DNA-bending protein. Our most strik- 
ing observation is that YY1 functions as a repressor in 
one orientation and an activator in the other. This phe- 
nomenon is difficult to explain in terms of specific con- 
tact between YY1 and flanking proteins and is simplest 
to understand purely in terms of an effect on DNA struc- 
ture. 

Our data suggest that the product of the male sex de- 
termination gene SRY may also belong to this family of 
transcription factors. Such a function for SRY is surpris- 
ing in light of its regulatory role in development. Nev- 
ertheless, a recent comparison of SRY sequences from 
different mammalian species revealed a high degree of 
sequence divergence in regions outside the DNA-binding 
domain (Tucker and Lundrigan 1993; Whitfield et al. 
1993), suggesting that DNA binding is the only impor- 
tant function of SRY. In view of our results here, one 
possible role of SRY may be to structurally reorganize 
regions of the genome that are silenced in females. 

Yin and yang 

YY1 owes its name to its unusual functional flexibility: 
In some contexts, it acts as a repressor; in others, an 
activator. We propose that these disparate activities may 
reflect a single biochemical function, the ability to bend 
DNA. In some contexts, YYl-induced bends will appear 
to repress transcription as they do in the natural c-los 
promoter, whereas in others they activate, as in the pro- 
moter with the reversed site. Thus, in promoters at 
which YY1 works this way, the precise function of a 
given YY1 site will depend on its position, orientation, 
and the position of flanking protein-binding sites. 
Changing any one of these features could affect the ap- 
parent function of a YY1 site. 

In many ways, YY1 resembles the yeast proteins RAP1 
and ABF1. Like YY1, these proteins have been variously 
characterized as activators or repressors, depending on 

context. RAP1 is also a DNA-bending protein {Vignais 
and 8entenac 1989; Gilson et al. 1993). Binding sites for 
RAP1 and ABF1 are found in complex regulatory ele- 
ments such as silencers, replication origins, and telo- 
meres, as well as in simple promoters (Buchman et al. 
1988; Diffley and Stillman 1989; Laurenson and Rine 
1992). The clear though poorly understood role of RAP1 
and ABF1 at the HML and HMR silencers in yeast is 
interesting in light of the observation that the mamma- 
lian ~-globin gene silencer region contains at least 10 
YY1 sites (Gumucio et al. 1992, 1993; Peters et al. 1993). 
If each of these sites is occupied and bent in vivo, the 
consequences for DNA structure in the region of the 
silencer could be quite dramatic. 

It is also noteworthy that YY1 is the target through 
which the adenovirus E1A oncoprotein activates the 
AAV P5 promoter (Shi et al. 1991). Although the mech- 
anism of activation is unknown, E 1A could activate this 
promoter by removing YY1 or by changing its DNA- 
bending properties. Furthermore, in cases in which YY1 
activates transcription, E1A might be expected to repress 
promoter activity. Thus, both activation and repression 
by E1A could also reflect a single biochemical activity. 

YY1 is an extremely abundant protein, and its DNA- 
binding specificity is relatively degenerate {Hahn 1992). 
Thus, it is possible that there are functional YYl-binding 
sites in many cellular genes. That YY1 is a target for E1A 
could account for some of the pleiotropy of E 1A action in 
the cell. More generally, any protein that interacts phys- 
ically with YY1, such as Spl (Lee et al. 1993; Seto et al. 
1993), could exert its effect on promoter activity in an 
indirect fashion by affecting how YY1 organizes pro- 
moter DNA. 

Materials and methods 

Plasmid construction 

The c-fos-choramphenir acetyltransferase (CAT) reporter 
plasmids are based on - 71 wild-type and - 71pro3, which have 
been described previously (Berkowitz et al. 1989). These plas- 
raids served as templates for site-directed mutagenesis (Kunkel 
1985) using the oligonucleotides shown below {underlines de- 
note nucleotide substitutions or insertions relative to the wild- 
type c-los promoter): -71pro70, CAGTGACGTAGGAAGTC- 
GTTCGTI~CACAGCG; - 71pro71, CAGTGACGTAGGAA- 
GTCGTTCCATTCACAGCGi - 71pm72, CAGTGACGTAG- 
GAAGTCCATCGTFTCACAGCG; - 71pm73, CAGTGACG- 
TAGGAAATGGATGGAGTCACAGCG; - 7 lpm74, CAGTG- 
ACGTAGGA,&AACGAACGAGTGACAGGG; - 7 lpm3/70, CA- 
CTCAGGTAGGAAGTCGXTCGTTTCACAGCG; - 71prn3/ 
71, CAGTCAGCTAGGAAGTCGTTCCATTCACAGCG; - 71 
pm3/72, CAGTCAGGTAGGAAGTCCATCGTITCACAGCG; 
- 7 lpm3 / 73, CACTCAGGTAGGAAATGGATGGAGTCAC ~ 
AGCG; - 7 lpm3/74, CACTCAGGTAGGAAAACGAACGAC- 
TCACACG; - 71pm75, CCAGTGACGTAGTCTAGGAAGT- 
CC; - 71pm76, CCAGTGACGTAGTCTAGTGTAGGAAGT- 
CC; - 71pm77, ATCGATTCACAGGTCTACGCTTCTATA; 
- 71pm78, ATCCATTCACAGGTCTAGTCTACGCTTCTA- 
TA. 

Plasmids pBendSRE, pBend255, and pBend60, carrying the 
three different YY1 sites in the c-los promoter, were prepared by 
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inserting the following oligonucleotides into pBend2 (Kim et al. 
1989) via XbaI and SalI sites: pBendSRE, CTAGATGCGGAT- 
GTCCATATTAGGACATCTTGTCGA; pBend255, CTAGAT- 
GCGGGGCCATTTATGTCGA; pBend60, CTAGATGCGGA- 
AGTCCATCCATTGTCGA. 

Phasing plasmids are made by inserting the following oligo- 
nucleotides in between XbaI and SalI sites in the pBend2 vector 
{inserted sequences are underlined): 0, CTAGATGCGGATG- 
TCCATATTAGGACATCTATTCGCAAAAACGGGCAAAA- 
ACGGGCAAAAACGGTCGA; + 2, CTAGATGCGGATGTC- 
CATATTAGGACATCTATTGTCGCAAAAACGGGCAAAA- 
ACGGGCAAAAACGGTCGA; + 5, CTAGATGCGGATGTC- 
CATATTAGGACATCTATTGTCGACGCAAAAACGGGCA- 
AAAACGGGCAAAAACGGTCGA; + 7, CTAGATGCGGAT- 
GTCCATATTAGGACATCTATTGTCGACACGCAAAAAC- 
GGGCAAAAACGGGCAAAAACGGTCGA; + 10, CTAGAT- 
GCG GATGTC CATATTAG GACATCTATTGTCGACTGAT- 
CGCAAAAACGGGCAAAAACGGGCAAAAACGGTCGA. 

To make pDYY1 expression vector, pYY1 plasmid (Shiet al. 
1991) was digested with NcoI, blunt-ended with Klenow frag- 
ment, and redigested with BamHI to release the YY1 cDNA. 
This fragment was cloned into the Drosophila expression vector 
pDAC5 (A. Wilson, unpubl.) which had been digested with 
XbaI, blunted, and digested with BamHI. To make pDSRY plas- 
mid, the SRY cDNA was excised from pGEX-SRY (Giese et al. 
1992) by digesting with EcoRI, blunting, and redigesting with 
BamHI. The gel-purified SRY fragment was inserted into 
pDAC5, as described for YY1. The pDCREB plasmid was made 
by inserting full-length human CREB cDNA via flanking XbaI 
and BamHI sites (Berkowitz and Gilman 1990) into pDAC5 di- 
gested with XbaI and BamHI. 

Mobility retardation probes 

For standard mobility retardation assays, probes were prepared 
by PCR amplification with end-labeled primers, followed by gel 
purification from a nondenaturing polyacrylamide gel. For dim- 
ethylsulfate (DMS) interference assays, only a single PCR 
primer was end-labeled. For circular permutation assays, PCR 
products were synthesized with unlabeled primers flanking the 
tandemly duplicated polylinker and radiolabeled dATP. The 
fragments were then ethanol precipitated, digested with appro- 
priate restriction enzyme, and gel purified. 

Purification and synthesis of proteins 

Histidine-tagged YY1 was purified over a nickel column 
(Biol01) as described previously (Shiet al. 1991). Human CREB 
(Berkowitz and Gilman 1990) was produced by in vitro tran- 
scription and translation using the TNT lysate system 
(Promega). 

Mobility retardation and DMS interference assays 

All mobility retardation reactions were performed in a 20-}~1 
reaction that contained 10 mM Tris-C1 {pH 7.9), 1 mM DTT, 1 
m~ EDTA, 20% glycerol, 0.05% NP-40, 60 mM KC1, 5 ~g of 
BSA, 100 ng of poly[d{I-C)], 10-20 ng of recombinant YY1, and/ 
or 1 ~1 of lysate containing in vitro-translated CREB. The pro- 
teins were incubated for 10 rain at room temperature before and 
after the addition of the probe. Standard assays were analyzed on 
5% (39:1) polyacrylamide gels run in 0.5x Tris-borate-EDTA 
(TBE) buffer. Circular permutation and phasing experiments 
were analyzed on 6% gels. 

DMS interference assays were done essentially as described 
by Attar and Gilman {1992). Briefly, single end-labeled PCR 

probes were modified with DMS, ethanol-precipitated, and re- 
suspended in TE buffer. Approximately 50,000 cpm of DMS- 
treated probe was incubated with the affinity-purified YY1 pro- 
tein at room temperature. The YY1-DNA complex and free 
probes were separated by polyacrylamide gel electrophoresis in 
0.5x TBE buffer. The YY1-DNA and free probe bands were 
excised from the gel, eluted, and ethanol precipitated. These 
samples were then analyzed on an 8 M urea/10% polyacryl- 
amide sequencing gel. 

Circular permutation, phasing analyses, and calculation 
of bend center and angles 

For circular permutation and phasing assays, mobility retarda- 
tion assays were performed using circularly permutated or 
phased probes and bacterially expressed YY1. The bend center 
and bend angles were calulated as described (Kerppola and Cur- 
ran 1992). For determining bend center from the circular per- 
mutation assays, the electrophoretic mobility of each protein- 
DNA complex was normalized to the mobility of the fastest 
migrating complex in the gel and plotted as a function of the 
distance from the center of the YY1 site to the nearest end of the 
probe. The bend center was estimated from the position at 
which this curve reached a minimum. To calculate bend angles 
from circular permutation assays, the ratios of the slowest to 
fastest migrating complexes {~m/~E) for a given probe were 
fitted to the equation ~m/~E=cos(ct/2), where ~ is the bend 
angle. For phasing analysis, bend angles were determined by 
calculating the ratios of the mobilities of the fastest and slowest 
migrating complexes and linear interpolation between points 
obtained with bent DNA standards (Thompson and Landy 
1988). 

Transient expression assays 

HeLa cells were grown in Dulbecco's modified Eagle medium 
supplemented with 10% fetal calf serum (FCS). Drosophila SL2 
cells were grown in Schneider's insect medium supplemented 
with 10% FCS. All transfections were performed using calcium 
phosphate coprecipitation as decribed (Grueneberg et al. 1992). 
For HeLa cells, 30% confluent 10-cm plates were transfected 
with 3 ~g of reporter plasmid, and 2 }~g of pCH110 {Hall et al. 
1983), which produces ~-galactosidase, as an internal control. 
Drosophila Schneider SL2 cells were transfected with 3 ~g of 
reporter plasmid, 2 ~g of pACLacZ internal control plasmid, and 
appropriate effector plasmids (50 ng of pDCREB, 5 v-g of pDYY1, 
or 5 ~g of pDSRY). In all cases, total DNA concentration was 
adjusted to 20 ~g with pUC119 plasmid. CAT assays were done 
as described (Gorman et al. 1982). ~-Galactosidase activity was 
measured in all extracts, and CAT assays were normalized to 
equivalent f~-galactosidase activity. CAT assays typically con- 
tained 50--100 }~g of protein. In all figures, results are expressed 
as mean percent conversion of chloramphenicol to acetylated 
forms +S.D., on the basis of at least three independent transfec- 
tions. 
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