3208-3215 Nucleic Acids Research, 1996, Vol. 24, No. 16 00 1996 Oxford University Press

The DNA supercoiling architecture induced by the
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ABSTRACT therefore, plays a key role in promoter recognition and in
pre-initiation complex assembly. Surprisingly, UBF displi¢ties
detectable sequence selectivigy1(0). Despite this, UBFs from
human, mouse, rat aénopugecognize pol | promoters in a
) . ; very similar manneXenopudJBF (XUBF) does not, however,
dimer of Npqx13, a C-terminal runcation mutant of support the entry of SL1 to the mammalian promoters and the
XUBF containing just HMG-boxe§ _1—3. This segment of converse also appears to be trle-(5).
XUBF corresponds to that minimally required for The UBFs contain multiple HMG-box DNA binding domains.
activation of polymer_ase | ranscription and is S“ff'c'ef‘t These domains are a characteristic of a large subgroup of
to generate the major characteristics of the footprint architectural transcription factorsi§17). HMG-boxes are
given by intact xUBF. Stepwise reduction in the especially known for their capacity to induce severe kinks in their
”!J“?b.ef of HMG-boxe§ to less than three S|gn_|f|cantly DNA target sequenced &20). XUBF contains five tandemly
diminishes DNA bending and provides an estimate of arranged homologies to the HMG-box domain?) (Fig. 1A).
bend angle for each HMG-box. Together the data We have previously shown that XUBF binds to the transcription
indicate thata 350 +16° loopin142 +30bpofDNAcCan jnitiation site of theXenopuspol | promoter such that its
be induced by binding of the six HMG-boxes in an HMG-box 1 protects bases —21 to —2 and +2 to +21 and
Nbox13 dimer and that DNA looping is probably HMG-boxes 2 and 3 protect bases downstream o282 (sing
achieved by six in-phase bends. The positioning of electron spectroscopic imaging (ESI) we have directly measured
each HMG-box on the DNA does not predominantly the stochiometry of single XUBF-DNA complexes, showing
involve DNA sequence recognition and is thus an them to each contain two XUBF molecul@4)( Most strikingly,
intrinsic property of xUBF. the binding of a single xXUBF dimer to tXenopusibosomal
enhancers induces an Enhancesome complex in which a short
INTRODUCTION segment of DNA is looped in to a near complete tarf). (
Transcription of the ribosomal genes in eukaryotes uses Ig9ether, the footprinting and ESI data strongly suggest that
dedicated polymerase, RNA polymerase | (pol ) and a dedicat¥éfhin the Enhancesome two xUBF molecules position themselves
set of transcription factors (for recent reviewslsé Probably ~head to head along the DNA (FIp). The manner in which
for this reason, the pol | factors and the promoters they recogndBF induces DNA looping and the role of its five tandem
display a high degree of species specificity. Despite thidMG-boxes in the process are presently unknown. Ligation-
specificity, promotion by pol | appears to be mechanisticallged'ated circularization and supercoiling studies have suggested

The formation of a near complete loop of DNA is a
striking property of the architectural HMG-box factor
XUBF. Here we show that DNA looping only requires a

similar in mammals and amphibia. The promoter generalij?@ HMG-box 1 alone may be sufficieat). However, HMG-
consists of two precisely spaced sequence elements, the upstr@8¥gS 2 and 3 are known to be required to reconstitute the full
control element (UCE) and the Core promoter element. TheS8VA binding affinity of wild-type (wt) xUBF%3) and to support
elements have been well-defined by surrogate genetics in sevéfa(itro transcription {5,26). Here we define the minimal protein
organisms. They do not, however, display significant sequené‘@d DNA requirements for the formation of the Enhancesome.
homology. The major steps in the assembly of a pol | pre-initiation

complex are knowrB£8). Recognition of the UCE and the Core MATERIALS AND METHODS

promoter elements by the so-called upstream binding fact - : ;

(UBF) allows the entry of a pol I-specific TBP-TAF complex,%(pressmn and isolation of xXUBF mutants
variously called SL1, TIF-IB, TFID, Factor D or Rib1. This leaddMutants were assembled in the vector pGEX-2T, expressed in
to the formation of a stable pre-initiation complex which can bEscherichia coliand purified as previously describ&tB7).
specifically recognized by an activated form of pol I. UBFNbox13 was produced by fusing amino acids 16—383 to the GST,
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Figure 1.The structure of the XUBF truncation mutar3.The probable linear arrangement of an XUBF dimer bound to MY Ahg structure of the three truncation
mutants. C) Comparative footprinting of wt XUBF and the truncation mutants across the ribosomal transcription initiation site; ‘'DNA refers to unprotected DNA
The footprints due to the various HMG-boxes are indicated, numbers refer to promoter bp relative to initiation at +1.

which was not cleaved from the final product. Box13 (amind55 eV energy loss image recorded at the peak of the phosphorus
acids 101-383) was isolated in the same way, while Nbox12,3 ionization edge, after alignment and normalization. Results
(amino acids 16—202) and Nbox 12 (amino acids 16—273) weneere compared quantitatively with a multiple parameter back-
released from the GST domain by thrombin cleavage. The Nbogtound correction using two pre-edge images recorded at 105 and
and Nbox12 mutants gave single bands on Tris—Tricine—SDS g&R0 eV (see32). The phosphorus content of the complex was
(28). The batches of Nbox13 and Box13 mutants were the sarastimated by comparing the integrated phosphorus signal in the
as used in a previous studB) and showed no change on SDScomplex to that of a defined length of DNA. This value was used
gel analysis. Protein concentrations were estimated using tlrecalculate the DNA content in the complex and subtracted from
appropriate calculated extinction coefficient at 280 nm. Footprintirtipe total mass estimate to obtain the protein content.
was performed as previously describ2).(

ESI analysis of protein-DNA complexes. Each mutant XUBResyLTS
(1 pg) was incubated in 38 of 50 mM HEPES (pH 7.6), 5 mM
MgCly, 80 mM KCI, 1 mM DTT with 200 ng of th&enopus To study the HMG-box requirements for the induction of a
laevis 1.1 kb BanHI enhancer DNA fragmenB(,31) or the  complete Enhancesome, three truncation mutants of xUBF were
1.046 kbPvu fragment from pT3T7U19 (Pharmacia). After 15 minproduced, each containing an increasing number of HMG-box
at room temperature, the mixture was chromatographed on a 0.5doains (Fig1B). The DNase | footprints of the mutant and
column of Sepharose CL-2B to separate DNA-bound xUBF fromild-type xUBFs were found to be very similar (F@.). [Those
free protein. The column buffer contained 10 mM HEPES (plbr xUBF, Nbox13 and Nbox1 have been previously described in
7.2), 5 mM MgG), 1% formaldehyde, 0.5% glutaraldehyde. Thesome detaild3) and are shown here to allow a comparison.] Each
peak DNA fraction (5ul) was placed on a 1000-mesh coppershowed a clear footprint @20 bp immediately upstream and
electron microscope grid, which had been coated with a 3 ndownstream of theXenopusribosomal RNA initiation site.
carbon film and glow discharged immediately before 88 ( However, some minor differences in the footprints could be
After 30 s, excess sample was washed from the grid witelAd  discerned. The two shorter mutants Nbox1 and Nbox12 gave
the grid air dried after all but a thin layer of theCHhad been strong hypersensitivity at —1, +1 and protection to either side of
removed. this site as far as the hypersensitive sites at —22 and +22, the

ESI analysis of DNA—protein complexes has been previousfyreviously defined boundaries for HMG-box23), However,
described32,33). A brief description follows. Estimation of the these latter sites were especially weak in the case of Nbox12,
masses of the XUBF-DNA complexes was carried out on @nsistent with the idea that HMG-box 2 may protect bases
reference image recorded at 120 eV in the electron energy lagsstream of —22 and downstream of +22. Wt xUBF and Nbox13
spectrum. DNA was used as an internal mass standard and yiedded a weaker cleavage at —1, +1 than did Nbox1 and Nbox12,
mass of the complex was estimated by comparison of integratest gave stronger cleavages at the +22 and —22 sites. Thus,
optical density of the complex with the integrated optical densitfiMG-box 2 binding to the regions upstream of —22 and
over a defined length of DNA. Net phosphorus images wemownstream of +22 may be modulated by the addition of
obtained by subtraction of the 120 eV reference image fromHMG-box 3. This may relate to the ESI findings described below.
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Figure 2.ESI of the xUBF complexesA{C) wt XUBF, O—F) Nbox1, G-) Nbox12, §~O) Nbox13. (A-L) show complexes on the 1.14démopusDNA enhancer
repeat, while (M—O) show complexes on a 1.5 kb bacterial DNA fragment (see Materials and Methods). Each image is a superimposition of the total mass ima
gray tone and the phosphorous image in a false colour red to yellow spectrum. Protein masses and DNA length for the individual complexes are given and the pr¢

DNA path is indicated adjacent to each complex in black.



Table 1. The numerical data obtained with each of the XUBF truncation mutants are given

Nucleic Acids Research, 1996, Vol. 24, No. 18211

Protein- | Protein | N Protein Protein-dimer DNA bp DNA bp AContour | DNA bp
moiety | Species kD) Measured | kD Expected | Phosphorous Expected ?
*UBF 2170+ 33 210.0 185.0 £ 30 173.0 £ 40 120-127
{200-212)
Nhox1l Dimers |21 3509 40.0 620+ 14 40-42
All 23 40.0 £ 18 63.0% 14
Nhox12 Dimers | 27 6108 63.0 102.0+ 38 80-85
All 36 64015 99.0 & 38
Nbox13 Dimers |12 | 1550+ 15 147.0 165.0 £ 21 144.0 = 12 (N=6) 120-127
All 16 | 133.04+37 [ (GST-Nbox13)| 184.0+ 195 142.0 + 35 (N=10)
Nbox13- Dimers | 8 188.0 £ 35 147.0 1220+ 17 1210+ 21 120-127
Cotrl DNA All 17 | 167.0+50 |[{GST-Nbox13)| 111.0+26 | 123.0+28
All Dimers |20 | 172.0%32 147.0 1420+ 30 129.0 + 21 (N=14) | 120-127
Nbox13 All |33 | 150.0x45 |(GBT-Nboxl3)| 137.0135 | 130.0 £ 28 (N=27)

Complexes were classified as containing dimers of the protein species when the protein mass was numerically closer
to the expected dimer mass than to a monomer or tetramer mass. In the case of Nbox 13, two estimates for the DNA
component are given. ‘Phosphorous’ indicates a mass in bp calculated directly from the net phosphorous image,
while the A Contour’ was calculated from the length shortening of the DNA fragment containing a single complex
compared with the uncomplexed DNA on the same grid. The ‘DNA bp Expected’ were calculated assuming a helical
repeat of 10-10.6 bp and a two DNA turn repeat for adjacent HMG-box binding sites. ‘Nbox 13-Cntrl DNA refers

to complexes on a 1.5 kb bacterial DNA fragment (see Materials and Methods) and ‘All Nbox13’ to the totality of
Nbox 13 images analyzed, regardless of the DNA fragment

[The hypersensitivity around —15, seen only when wt xUBF isontained a dimer of the protein moiety (27 of 36 8kDa) and
bound, has been previously ascribed to the acidic tail of xUBWere associated with 18238 bp of DNA (Fig3 and Tablel).

which is believed to fold back onto this regi@d)(] Neither the Nbox12 nor the Nbox1l complexes showed any
evidence of the type of DNA looping associated with the
Enhancesome. In the case of Nbox1, the complexes also clearly
did not contain sufficient DNA to form a loop of a similar size to
that observed in the wild type Enhancesome (#g-C and

ESI is ideally suited for visualizing DNA—protein complexesTablel).
since, (i) the specimen does not have to be stained or shadowedYhen complexes formed with Nbox13 were observed they
(ii) it allows direct estimation of the mass of complexes and (iii) néhowed a close resemblance to the Enhancesome2{Flg.
phosphorous images localize the DNA component and allow théost complexes (12 of 16) clearly contained a protein dimer
DNA content to be estimated. Together, the mass information atkb5+ 15) and 165 21 bp of DNA (see Fig and Tablel. This
the phosphorus content can reveal stoichiometric relationshipA length compares quite favorably with the previous estimates
between protein and DNA. We have previously used ESI @f 185+ 30 bp of DNA within the Enhancesome. DNA contour
resolve the structure of the Enhancesome, showing it to contd@mgth shortening gave a similar estimate of the DNA in the
a dimer of XUBF and a near complete loop of DNe&)((see  Nbox13 complexes 144 12, again consistent with that for the
examples in FiRA—C). Therefore, we again used ESI to compar&nhancesome of 12340. Further, a full loop of DNA was noted
the DNA-protein structures formed by each of the xXUBF mutantil 50% of the Nbox13 complexes analyzed. The diameter of this
When the smallest mutant, Nbox1, was bound to the ribosoniabp could be estimated in many cases and was found to lie
enhancer DNA, distinct complexes were seen @gF). The between 13 and 19 nm, depending on the image and the axis along
mass distribution of both the DNA and protein components ofhich the measurement was made (e.g.Bigl and M-0O; see
these complexes is shown in Fig@rand summarized in Table  below). Assuming a circular loop of DNA, this diameter
They show that the great majority of complexes contained a dimeggrresponds to 136-173 bp. Thus, its size is consistent with the
of Nbox1 (35t 9 kDa) and 62 14 bp of DNA, only a little longer DNA of the Enhancesome forming a single near 366p.
than the 40-44 bp we would expect from footprint data. The To test the requirement for the N-terminal dimerization domain
Nbox1 complexes were almost all associated with a kink or beflxUBF we also attempted to form complexes with BoxBp, (
in the DNA. A similar experiment with Nbox12 again gavean N-terminal truncation of Nbox13 in which the dimerization
complexes which were associated with a kink or a bend in tli®main had been deleted; see Material and Methods. However,
DNA (Fig. 2G-I). The Nbox12 complexes predominantlywe were unable to form distinct complexes with this mutant.

The first three HMG-boxes of XUBF are sufficient to
induce the major characteristics of the Enhancesome
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Figure 3. The protein and DNA components of the xXUBF-DNA complexes. The raw data for each mutant or DNA is shown in histogram form. ‘Cntrl DNA refer:
to the 1.5 kb bacterial DNA fragment. Data for the dimer-complexes only (see Table 1) is shown.

DNA-bending induced by HMG-boxes 1 and 3 is the B@ Nooxi, 1450224

more significant § -l Mooxi2: 160%416 1T T T T T T T
R e

The Nbox1 and Nbox12 complexes showed clear DNA kinking & f = : —

or bending. Estimates of the degree of kinking could therefore | o
obtained by measuring the angle between the incoming ai 4 1 g
outgoing branches of the DNA duplex. These data @)ig. g

showed a tight distribution of bend angles for both types cH 3 "l .
complex. In the case of Nbox1, the data gave an average be ’

angle of 145 24° i.e., 73t 12° for each HMG-box 1. This bend 2 -
angle is well within the range of 30-X3theasured for other

HMG-box proteins18,20). However, addition of HMG-box 2 in 1

the Nbox12 mutant did not appear to greatly increase DN,

bending, an average bend of #606° being measured for this o L
mutant. This suggests that HMG-box 2 induces only a wee 0 40 80 120 160 200 240 280 320 360 400
bending of the DNA of somewhere between 0 aid@&tcluding Bend Angle, degres

the possibility of negative bend angles).

Bend angle measurements on the Nbox13 complexes#{Fig. Figure 4.DNA bending by the XUBF mutants. The bend angle was estimated
confirmed that this mutant induced a near complete looping of thém the phosphorous (DNA) images for each complex essentially as shown in
DNA (3501 160) c|ear|y distinct from the 145 or 160ends seen the inset. Here a total mass image is shown for clarity and the DNA path is
with Nbox1 and Nbox12 respectively. The addition of HMG_bOXindicated in white. Th_e mean bend angles and standard deviations for each type

. L f complex are also indicated.
3 to the complex, therefore, induce a very significant extra DNA
bending. The difference between the Nbox12 and Nbox13 bend
angles [(350-160)/2] gives an estimate of the bending induced imaximum ‘diameters’ predicted for the DNA loop of an
each HMG-box 3 of the Nbox13 dimer as#9%56°. Again, this Enhancesome, 12 and 18 nm respectively, are consistent with the
figure lies well within the observed range of bend angles inducedeasured range of 13-19 nm estimated from the net phosphate
by HMG-boxes of other factord&20). The DNA path defined DNA images (Fig2J-O).
by the HMG-box 1 to -box 3 bend angles is modeled in Figire  The small degree of apparent bending by HMG-box 2 was
Here, each HMG-box is assumed to induce a distinct bend in te@mewhat surprising. However, an alternative explanation of our
DNA and these bends have been placed at 20 bp intervadata is possible. It could be envisioned that the binding of
equivalent to about one duplex turn and the approximate footpridftMG-box 3 induces a conformational change in the adjacent box
of a single HMG-box. Thus, in the model the bends are additi& or that boxes 2 and 3 cooperate in some other way to induce a
or in-phase. On the basis of this model, the minimum angreater bending at box 2 than occurs in the Nbox12 mutant.
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ments of the bending due each isolated HMG-boxes may provide
more information. However, to date, the poor sequence selection
of the HMG-boxes of xUBF, like those of HMG 1 and 2, has, in
our hands, prevented the successful application of circular
permutation assay84).

DNA looping is a property intrinsic to XUBF

The DNA bends due to each HMG-box are shown in Figiire
as being in-phase, i.e., they all lie approximately in the same
plane. However, for this to occur the HMG-boxes must be
precisely positioned such that they all bind to the same face of the
DNA. On B-form DNA, a spacing change of only one base pair
between the binding sites of adjacent HMG-boxes would already
lead to a change &f36° between the bends induced by these
HMG-boxes. Larger spacing changes would lead to proportionately
greater angles. Such spacing changes would, therefore, be
observed as very significant pitch changes in the DNA path
through the Enhancesome. What then determines the positioning
of the HMG-boxes on the target DNA? One possibility is that
each HMG-box is directed to its site by DNA sequence
preferences. However, it has previously been shown that
DNA-binding by xUBF is extremely sequence tolerrit{23).
A second possibility is that inter-HMG-box interactions enable the
individual HMG-boxes of XUBF to position themselves correctly
along the DNA. In this case in-phase bending would be a property
intrinsic to xUBF and would occur equally on any DNA
fragment, regardless of its sequence.

To decide between these alternatives, Nbox13 was bound to a
1 kb fragment of bacterial DNA and analyzed by ESI in
comparison with the enhancer DNA bound complex ghig=O).
Mass analyses (Fi@ and Tablel) (Nbox13—control DNA),
showed that nearly 50% of the complexes (8 of 17) contained a
protein dimer (18& 35 kDa) and 122 17 bp of DNA. Contour
length measurements of the DNA confirmed this latter figure
(121+ 21 bp). The complexes on the bacterial DNA showed a
somewhat larger dispersion of protein masses than those on the
ribosomal enhancer DNA, suggesting that their formation may be
somewhat impaired. However, they displayed no sequence (data
not shown) and >50% showed a clear loop of DNA. The diameter
of this loop corresponded closely with that observed on the enhancer
DNA (Fig. 2J-L). Thus, it would appear that the formation of an
Enhancesome is at least in greater part independent of DNA
sequence.

B) r-ﬁ‘ C)
D)

MH HH

UCE Core

Figure 5. The Enhancesome and a scenario for the structure of the ribosom
promoter. A) An approximate space filing model of the Enhancesome,ablSCUSSlON

showing the first three HMG-boxes of xUBF bound at 20 bp repeat around a . . . .
bent DNA duplex. The DNA has been modeled as a simple cylinder of 2 nml'he formation of the Enhancesome complex, in which DNA is

diameter and the HMG-boxes modeled on the HMG-box b of HMG-2 as twofolded into a near 360oop, is the very striking property of the
interpenetrating ellipsoids and a central spheBearfd C) Views of the idymerase | transcription factor xXUBF4. Here we have mapped

hypothetical promoter structure. Two Enhancesomes have been placed adjac s . : - :
to each other such that all HMG-boxes are at 20 bp or two helical turn spacin Hte minimal protein domains required for this Enhancesome

The promoter UCE is shown chequered black and yellow, while the Core isStructure. The data characterize the Enhancesome as containing
shown in yellow and the initiation site indicated +0) The probable linear ~ a dimer of XUBF and 142 30 bp of DNA wound into a single
arrangement of UBF on a typical ribosomal promoter. 350+ 16° DNA turn of 16+ 3 nm diameter. Formation of the
structure minimally requires a dimer of Nbox13, a C-terminal
truncation mutant of XUBF containing only HMG-boxes 1-3 and
Footprinting of the xUBF mutants (Fi@C) provided some the N-terminal dimerization domain (see Hig). This segment
support for the idea of an HMG-box 2/3 cooperativity. On thef xUBF corresponds to that minimally required for activation of
ribosomal promoter the hypersensitive site flanking HMG-box polymerase | transcriptioni%,26). (Attempts to form complexes
at +22 bp was clearly evident only in the Nbox13 and wild-typeith a similar mutant in which this N-terminal dimerization
proteins (see Fig.C and associated discussion). Direct measurelomain was deleted were unsuccessful.) Reduction in the number
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of HMG-boxes past 3 very significantly reduced the degree aff these dimers is associated with the UCE &nd the other with
DNA bending. A dimer of the C-terminal truncation mutantthe Core promoter elemert3j. A probable scenario for the
Nbox1, containing only the N-terminal most HMG-box 1,arrangement of UBF binding along a stereotypical vertebrate pol
induced a DNA kink of 14% 24°, while a dimer of Nbox12, | promoter is shown in FigureD. This arrangement of UBF
containing HMG-boxes 1 and 2 bent the DNA by 3606°.  would lead to the formation of two adjacent Enhancesome
Together the data suggest that each of the first three HMG-boxstaictures within the promoter (FigB and C). The resulting
of XUBF induces an independent kink in the DNA and that thegextaposition of the UCE and Core elements could then provide
kinks are phased in such a way as to be additive, i.e., they indacgurface for the cooperative binding of a single or two interacting
in-phase bending. Consistent with this, footprinting data hav&L1 complexes to these two promoter elements. This model also
shown that the two HMG-box 1s of an xUBF dimer bind tgorovides an explanation of the requirement for stereo-specific
adjacent 20 bp segments of DNA and that HMG-boxes 2 andafignment of the UCE and Core elements observed for the
most probably occupy adjacent DNA sites [e.g. seelRignd mammalian, amphibian and even possibly the yeast polymerase
C and 23)]. Combining this information with the bend anglesl promoters§6-38). The close resemblance in DNA size, though
estimated for each HMG-box, the probable DNA path through thet number of DNA turns, of the Enhancesome to a chromatin
Enhancesome could be modeled (B4). This path is consistent Core nucleosome may also be more than a coincidence. It is
with the dimensions of the Enhancesome. known that theXenopugibosomal enhancer chromatin loses its
Strong data exists suggesting that HMG-box domains bind tiebaracteristic micrococcal nuclease ladder on gene activation
minor DNA groove and lie on the outside of the DNA kink they(39,40) (and unpublished data of Leblanc and Moss). However,
induce (9,20,35). Hence, it is highly likely that the HMG-boxes it has also been shown that the Core histones remain in contact
of XUBF also bind around the outside of each DNA kink. Thavith the enhancers via their N-terminal tail$1,42). The
Enhancesome therefore probably resembles the structure modelddnihancesome allows ample space to accommodate the Core
Figure5A. Here, the six HMG-boxes of an Nbox13 dimer aréhistones within the DNA loop. At the same time the diameter of
shown bound around the outside of the Enhancesome DNA lodpe Enhancesome DNA loop would of necessity prevent normal
The model demonstrates the open nature of the Enhancesomel@Nd\—protein contacts with the globular Core of the histone
it is evident that no protein—protein contacts could occur acrogstamer.
the centre of the loop. This emphasizes the extent to which the
Enhancesome structure may rely on in-phase bending for ACKNOWLEDGEMENTS
formation.
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