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Xenopus UBF (xUBF) interacts with DNA by way of multiple HMG-box domains. When 
xUBF binds to the ribosomal promoter, the carboxyl-terminal acidic tail and amino-terminal 
HMG-box interact. Binding also leads to negative DNA supercoiling and the formation of 
a disk-like structure, the enhancesome. Wihin the enhancesome, an xUBF dimer makes 
a low-density protein core around which DNA is looped into a single 180-base pair turn, 
probably by in-phase bending. The enhancesome structure suggests a mechanism for 
xUBF-dependent recruitment of the TATA box-binding protein complex without direct 
interaction between the two factors. 

Ribosomal transcription in many eukary- 
otes depends on a complex array of repeated 
enhancers, duplicated promoters, and ter- 
minators (1 -3). Most of these DNA ele- 
ments bind to the HMG-box factor, UBF 
(4, 5). a factor required for efficient pro- 
moter activation (6-10). The ribosomal 
promoter contains two critically spaced se- 
quences, the upstream control element 
(UCE) and Core (1 0-1 3). UBF binds with- 
in both these promoter sequences and in so 
doing greatly enhances recruitment of the 
RNA polymerase I-specific TATA-binding 
protein (TBP) complex (7, 9, 14, 15). 

The repeated HMG-boxes of Xmpus 
UBF (xUBF) interact with the Xmpus 
Core promoter in a colinear manner (4) 
(Fig. 1A). DNase I accessibility of impor- 
tant Core promoter sequences (- 11 to 
- 15) requires DNA sequences downstream 
of +20 as well as sequences in the COOH- 

terminal half of xUBF. Figure 1B shows 
that deletion of the COOH-terminal acidic 
tail domain (Nboxl5) also suppresses Core 
promoter accessibility without otherwise 
modifying the xUBF footprint (1 6). Hence, 
the acidic tail of xUBF must fold back in 
order to specifically modify NH,-terminal 
HMG-box1 binding. This interaction be- 
tween distal acidic and basic domains may 
be relevant to the role of the acidic tail in 
activation (8, 17, 18). The data also sug- 
gest that the promoter DNA may need to 
bend to allow the interaction to occur (Fig. 
1A). Consistent with such bending, xUBF 
stabilizes negative DNA supercoiling in a 
dose-dependent manner (1 9) (Fig. 1C) ; 
supercoiling is apparent at near equimolar 
levels, for example, 30-ng track. When the 
plasmid was relaxed before incubation with 
xUBF, supercoiling was induced but re- 
quired a higher xUBF concentration and 
was limited-to a small change in linking 
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DNA were sought and the contour lengths 
of naked and complexed DNA fragments 
were compared (21) (Fig. 2). It was esti- 
mated that a single xUBF complex short- 
ened the DNA contour length (Acontour 
length) by about 190 base pairs (bp), con- 
firming that xUBF induces appreciable 
DNA folding. The masses of the DNA and 
protein components of 20 individual com- 
plexes were also estimated directly from 
total mass and net phosphorous ESI images 
(22) (Fig. 3, A to F). The average phos- 
phorous content corresponds to 185 + 30 
bp, a value in close agreement with the 
Acontour length of 173 + 40 bp for this 
group of complexes (Fig. 3G). Fourteen of 
the 20 complexes analyzed gave a mean 
protein component of 217 + 33 kD, which 
indicates that a dimer of the GST-xUBF 
fusion protein (105 kD) was present. Of the 
other six complexes analyzed, two appeared 
to contain an xUBF tetramer (406 and 444 
kD) and four contained a monomer (1 19 ? 

19 kD) (Fig. 3G). 
The net phosphorous images of the 

xUBF-enhancer complex indicate that the 
DNA component is concentrated toward its 
periphery (Fig. 3, A and B). In many cases, 
an approximately 360" loop of DNA is also 
evident (Fig. 3, C to G). Superimposition 
of the net phosphorous and total mass 
images (Fig. 4A) further confirms that the 
DNA lies at the exterior of the complex. 
The DNA loop diameters of about 19 nm, 
the average DNA content of 180 bp, and 
the Acontour length of about 170 bp to- 
gether indicate that each complex contains 
a single turn of DNA. Hence, an xUBF 
dimer loops 180 bp of enhancer DNA into 
a single, approximately 360" turn, in a 
structure we call an enhancesome. 

The 120 to 130 kD of enhancesome 
DNA lies at the periphery of the complex, 
yet in total mass images the enhancesome 
appears to be a disk of about even density. 
Thus, most of the 160 kD of xUBF protein 
component occupies the center of the DNA 
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loop. The HMG-box domains represent 
over 45 kD of the 80-kD xUBF (23). We 
have shown that each HMG-box binds to 
the same face of the DNA (4). Together, 
these data suggest that the HMG-boxes lie 
on the inside of the enhancesome DNA 
loop. The length of enhancesome DNA 
(185 2 30 bp) corresponds closely with the 
expected binding site for 8, if not all 10, 
HMG-boxes of an xUBF dimer. By combin- 
ing these observations we have constructed 
a low-resolution model of the enhancesome 
in which an xUBF-dimer lies inside an 
approximately 200-bp DNA loop, the tan- 
demly arranged HMG-boxes each binding 
to -20 bp of DNA (Fig. 4B) (4, 8). The 
very low density of the enhancesome pro- 
tein core is apparent in the model and 
indicates that few protein-protein interac- 
tions could occur across the inside of the 
loop. The DNA loop cannot, therefore, be 
stabilized by a protein core, as is the case in 
the chromatin core particle (24). Instead, 
the model predicts that DNA looping by 
xUBF is predominantly the result of a series 
of in-phase bends induced by the repeated 
binding of the HMG-boxes. The bend an- 
gle per HMG-box can be estimated from 
our data to be -36", if all five boxes of 
xUBF (23) bend DNA, or -60" if only the 
tight DNA binding boxes 1 to 3 do so. 
HMG-boxes are known to bind four-way 
junctions (25) and hence might interact 
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Fig. 2. (A) A typical ESI field showing a unique 
xUBF complex and two uncomplexed DNA 
fragments (21). (B) Histograms of DNA lengths 
obtained from enhancer fragments carrying a 
unique xUBF complex (Complex) and from 
uncomplexed DNA (DNA). 

with the DNA crossover that occurs at the 
exit of the DNA duplex from the enhance- 
some (Fig. 4B). Our previous mapping of 
the xUBF-DNA interaction (4) and that of 
hUBF (8) exclude HMG-boxes 1, 2, and 3 
from such an interaction. We believe that 
the repeated arrangement of xUBF binding 
sites in the ribosomal DNA also excludes 
HMG-boxes 4 and 5. 

xUBF positions itself equivalently on 
pairs of contiguous 60- and 81-bp enhancers 
(20). The enhancesome must therefore be 
able to accommodate various lengths of 
DNA between 120 and 162 bp. We have 
shown that HMG-boxes 1 to 3 interact 
with 60 bp of DNA and have higher affinity 
for DNA than boxes 4 and 5 (4). DNA 
contact by HMG-boxes 4 and 5 might 
therefore be facultative (Fig. 4C). On the 
ribosomal enhancers, the resulting repeated 
enhancesome structure would resemble an 
unbroken DNA superhelix of about 180 bp 

per turn (Fig. 4C). This suggestion and the 
observation that the apparently unrelated 
Xmpw and mouse enhancers are function- 
ally interchangeable (26) indicates that, as 
in Escherichia coli (27), DNA bending may 
be the key to ribosomal enhancer function. 
DNA bending and constrained DNA loops 
have also been implicated in estrogen-de- 
pendent and in lymphoid-specific mRNA 
promotion (28, 29). 

The ribosomal promoter in mammals 
and amphibians consists of two DNA ele- 
ments, UCE and Core, which function 
cooperatively and bind the RNA polymer- 
ase I TBP complex. Previous work (4, 8, 
30) has shown that two UBF complexes 
(which the present study suggests are 
xUBF dimers) bind within the ribosomal 
promoter, one centered around +1 and 
the other within the UCE at around -90 
to -100 bp. Hence, we predict that two 
enhancesomes form on the promoter. 
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Fig. 3. (A to F) Analysis of individual 
xUBF-DNA images (22). The upper G 
(positive) images show both DNA 
and protein and the lower (negative) 
images phosphorous. The protein 
(Prot.) and DNA contents, the latter 
from phosphorous (Phos.), or contour N 3 
length (AC.) are given below each 
pair of images. The scale bar in (A) 
represents 35 nm. (G) Histograms of 
the estimated protein and DNA (net 
phosphorous, Phosphorous or con- 
tour length, AContour) contents of 
individual complexes. 
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Fig. 4. (A) Example of a false 
color net phosphorous image 
superimposed on the corre- 
sponding total mass image 
(gray tone). (B) Low-resolution 
model of the enhancesome. 
Five HMGbox folds (39) have 
been arranged within a loop of 
about 200 bp of DNA. The NH, 
terminal dirnerization and 
COOH-terminal acidic domains 
of xUBF have been modeled as 
broken 3,, helices to complete 
the space filling model (no 
structural prediction for these 
domains is intended). Two 
views of the water-accessible 
surface of the structure are 
shown, one on the face of the 
DNA loop (left) and the other 
from one edge of the loop 
(right). (C) Arrangement of mul- 
tiple xUBF-dimers on the en- 
hancer repeats. The dinear ar- 
rancpmnt of xClBF d i m  (up- 
cmr diwam) w l d  lead to a 
contin& scpemelk of inter- 
penetratwq en- (lower diagram). @) An e@mahn for the 

w 
synergy between UCE and Core promoter elements. T w  TBP-complexes supemeli generated by xUBF binding withi UCE and Core pfumcter 
(shaded) are shewn binding on the surface of an extended erhancesome elements. 

[Their proximity to each other and the 
previous footprinting data (4) suggest 
DNA contact by HMG-box 3 may be 
facultative within the promoter (Fig. 
lA)]. The TBP complex extends the UBF 
footprint on the UCE from - 115 to be- 
yond - 160 bp and also protects the Core 
element near the initiation site [see, for 
example, (30)l. In modeling the promot- 
er, we found that the two adjacent UBF- 
DNA complexes would, if folded as en- 
hancesomes, present the TBP-complex 
binding sites on the surface of a super- 
helix. This might then facilitate coopera- 
tive binding of the TBP complex to both 
sites (Fig. 4D), either by allowing interac- 
tion between Core and UCE-bound TBP 
complexes [TBP has been shown to dimer- 
ize (31)] or by allowing a single TBP 
complex to interact with both promoter 
elements. Spacing changes of half a du- 
plex turn between the UCE and Core 
elements diminish promoter activity, 
whereas changes involving a full turn only 
mildly affect promoter activity (1 1, 12). 
Figure 4D shows how the corresponding 
predicted changes in enhancesome topol- 
ogy may explain these observations. A 
similar model might also explain the ob- 
served coupling of terminator and promot- 
er (32-34). 
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RNAs with Dual Specificity and Dual RNAs 
with Similar Specificity 

Gregory J. Connell and Michael Yarus* 

The biological role of RNA is delimited by its possible reactions, which can be explored by 
selection. A comparison of selected RNAs that bind one ligand with those that bind two 
related ligands suggests that a single nucleotide substitution can expand binding speci­
ficity. An RNA site with dual (joint) specificity has adenine and cytosine bases whose pK^'s 
appear shifted upward, thereby mimicking an efficient general acid-base catalyst. The joint 
site also contains two conserved, looped arginine-coding triplets implicated in arginine site 
formation. Two selected joint RNAs are identical in some regions and distinct in others. The 
distinct regions, like some peptides, seem to function similarly without being similar in 
primary structure. 

Guanosine column 

0 0 

-O-CH-C-NH-CH-CH-NH-C 

A bulged helix within the Tetrahymena 
group I intron binds guanosine during the 
intron excision reaction (I) . It also specif­
ically binds L-arginine, but not other nor­
mal amino acids (2). This dual affinity 
suggested that comparison of RNA sites 
binding related ligands might show how an 
RNA site changes specificity. Here we used 
selection-amplification to isolate sites that 
bind both guanosine and arginine and sites 
that bind guanosine alone. Selection-am­
plification has been used to obtain RNA 
molecules capable of binding various pro­
teins (3), dye affinity ligands (4), free argi­
nine (5), and adenosine triphosphate 
(ATP) (6). 

Joint arginine-guanosine sites were isolat­
ed by requiring two related affinities from a 
limited number of randomized nucleotides. 
We first selected by arginine affinity chroma­
tography on RNA with 25 randomized nu­
cleotides (5, 7) and elution with L-arginine. 
This column was alternated with a guano­
sine affinity column (7) eluted with guano­
sine monophosphate (GMP). After the sev­
enth selection, pooled RNA was rerun on 
the guanosine column. The GMP-eluted 
RNA was reverse transcribed, amplified, and 
cloned in pUC19 for sequencing. 
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For the selection of guanosine-binding 
RNAs by affinity chromatography we used 
the same guanosine diphosphate (GDP)-
agarose and elution (Fig. 1) (8). Ligand-
specific elution of RNA in both selections 
virtually ensures that selected RNAs bind 
the free ligand and its immobilized affinity 
derivative at the same site. 

The predominant RNA sequences from 
guanosine and joint arginine-guanosine se­
lections are identical, except at two loca­
tions (Fig. 2A). The joint site consensus 
has a 5' extension and also conserves CIO 
and A l l . The CIO (Fig. 2B) is not the only 
nucleotide that occurs at this position; one 
to two nucleotides of any kind except U 
appear here in the guanosine RNA. In 
contrast, only A occurs at position 11 of the 
joint site and the guanosine-binding RNA 
never contains a purine here. 

Binding specificity is determined by this 
internal-loop CA (Fig. 2A). A truncated 
joint motif transcript spanning positions W 
and Z (Fig. 2C) binds to both guanosine 
and arginine columns with dissociation 
constant (Kd) values 1.4 times that of the 
full RNA. A transcript spanning positions 
X and Z binds to the guanosine and argi­
nine columns with, respectively, 1.8 and 
2.3 times the Kd of the full-length RNA. A 
truncate spanning positions Y and Z showed 
no measurable affinity for the arginine col­
umn and minimal affinity for the guanosine 
column (20 times the Kd of the full-length 
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Fig. 1. Guanosine affinity chromatography. (A) 
Structure of the guanosine affinity resin. (B) 
Elution profiles (7) for cycle 1 ( • ) and cycle 5 
(A) of the guanosine selection are shown. 

transcript). These boundary determinations 
indicate that the first nucleotide of the joint 
consensus may contribute slightly to bind­
ing, but not significantly to specificity. The 
A5 of the joint consensus is present in some 
guanosine motif representatives (Fig. 2B) 
and therefore is not specific either. The 
remaining characteristic structure found in 
the joint site, the internal-loop CA, previ­
ously appeared in three independent argin-
ine-binding RNAs (5). Taken together, 
these observations hint that DNA sites may 
be assembled from fixed smaller units. 

Elution with nucleoside analogs (9, 10) 
suggests that the binding site in both RNAs 
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