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Dimerization and HMG box domains 1-3 present in
Xenopus UBF are sufficient for its role in transcriptional
enhancement
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ABSTRACT A recent analysis, by electron microscopy (EM), of templates

o ) injected into Xenopusoocytes supports this latter model. EM
Transcription of  Xenopus ribosomal genes by RNA demonstrated that active transcription units on enhancer-less
polymerase | is directed by a stable transcription templates are as densely packed with polymerases and nascen
complex that forms on the gene promoter. This transcripts as those on enhancer-bearing templates. Furthermore,
complex is comprised of the HMG box factor UBF and enhancer-bearing templates are 30- to 50-fold more likely to form
the TBP-containing complex Rib1. Repeated sequence such complexes).
elements found upstream of the ribosomal gene RNA pol | transcription minimally requires theansacting
promoter act as RNA polymerase I-specific trans- factors upstream binding factor (UBF) and a second factor termed
criptional enhancers. These enhancers function by SL1in humansi(0), TIF 1B (11,12) or Factor D{3,14) in mouse
increasing the probability of a stable transcription and Rib1 inXenopug15). XenopusJBF (XUBF) is comprised of
complex forming on the adjacent promoter. UBF is an N-terminal dimerization motif, five HMG box motifs and a
_requ_lre_d for enhancer function. This role in enhancement C-terminal acidic domairi.6,16). Human UBF (hUBF) is highly
is distinct from that at the promoter and does not related in sequence, the only major difference being the presence
involve translocation of UBF from enhancer repeats to of an additional HMG box 1(7). UBF, which binds to DNA
the promoter. Here we utilize an in vitro system to  sequences within the promot&f(18), has a remarkable propensity
demonstrate that a combination of the dimerization to bend and loop DNALG-22). This so-called ‘architectural’ ability
domain of UBF and HMG boxes 1-3 are sufficient to is conferred by the multiple HMG box DNA binding motifs in UBF
specify its role in enhancement. We also demonstrate (17,23,24). The importance of this architectural role is suggested by
that the acidic C-terminus of UBF is primarily the observation that the precise spacial alignment of the promoter
reSpOHSIble for its observed interaction with Rib1. Upstream Control and Core elements is Crm@é}(
Thus, we have uncoupled the Ribl interaction and SL1 on its own binds very poorly to DNA, but in the presence
enhancer functions of UBF and can conclude that of hUBF it binds tightly and specifically to DNA sequences within
direct interaction with Rib1 is not a prerequisite for the the human promotef.(). Similarly, Rib1 and XUBF can combine
enhancer function of UBF. to form a stable transcription complex on ¥enopuspromoter

(15). Protein—protein interactions between mammalian UBF and

INTRODUCTION SL1 or xUBF and Ribl have been descriti2d-£8). Thus it is

generally considered that formation of a stable transcription complex

Transcription of the repeated genes that encode 18S and 28S rRNAschieved through a combination of DNA bending by UBF,
by RNA polymerase | (RNA pol I) requires a series of regulatoryprotein—protein contacts between UBF and SL1/Ribl and direct
elements that are located in the intergenic spagefliese include interaction of SL1/Ribl with promoter sequences.
gene promoter and repeated enhancer elementXetopus In addition to binding to DNA sequences within the promoter,
enhancer elements comprise blocks of interspersed 60 and 81UfpF can give rise to a DNase | footprint ov@nopug18) and
repeats that have sequence homology to the gene profeatgpus mouse §) enhancer sequences. This suggested a role for UBF in
oocyte injection experiments demonstrate that blocks of thesmhancer function. Recently we develop&éaopudn vitro system
elements confer a competitive advantage on a linked promoierwhich RNA pol | enhancers function in most respects &0
(2-6). Repetitive sequence elements are also found in the interge(it®). This system was used to demonstrate that UBF does indeed
spacer, immediately upstream of the gene promoter, in roddunction in enhancement. Enhancer-bearing templates out-compete
species. In the mouse these repeated elements are 140 bp in leagtiancer-less templates by 30- to 100-folgitro. The principal
and have been demonstrated to have enhancer activity in both magsgirement for enhancer function is the presence of a high
and Xenopussystems 7,8). Unlike Xenopus mouse enhancer concentration of UBF, 50- to 100-fold higher than normally present
elements have no sequence similarity with the gene promoter. in transcription extracts. This system was used to demonstrate that

Enhancers could function in principle by increasing the rate @nhancers act during stable complex formation by increasing the
transcription initiation from a linked promoter or by increasing thdikelihood of complex formation on linked promoters. Once
probability of a transcription complex forming on a linked promotefformed, transcription complexes function with equal efficiency
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irrespective of the presence of enhancers upstream, tF A
confirming the EM studies described abo9 (

Thein vitro system was also used to characterize the role of UE <UBF DR S T N Aclii- |
in transcriptional enhancement. Previous models had proposed
enhancers may function by recruiting limiting amounts of UBF t I D L A | IR Acidis |
the promoter18). In contrast to this model, we demonstrated the
enhancers function only when UBF is non-limiting. Additionally, 25 MEE T T = 1 7 17 1 ¢ HEE
forms of UBF that do not function at tXenopugpromoter, namely
hUBF 1 and 2, can nonetheless function in transcription 13 [EDmE Cr 1 7 1+ 15 e
enhancement. We concluded that UBF must be performing a disti
role in enhancement that does not involve its translocation to t 15 [@EOEE 7 [ ] [« =
promoter. In order to further characterize the role of UBF it
transcriptional enhancement, here we have performed a system 17 [ 1]
mutagenic analysis of the domains within UBF that are required f
enhancer function. We demonstrate that a combination of tl 18
dimerization domain of UBF and HMG boxes 1-3 are sufficient t
specify its role in enhancement. Furthermore, we demonstrate t 19 [@EE T ] T ] 5] (IER i |
the previously described interaction of UBF and Rib1,49) is
mediated by the acidic C-terminus of UBF. We discuss models 21 [ T T TS | Acike |
enhancer action in the light of these results.

7 I T N

MATERIALS AND METHODS

Baculoviral expression of full-length and mutant UBFs
) N 10 e T ] ]
The expression and purification of full-length XUBF has beel

previously described®@). Mutant UBFs 1, 13, 15,17, 18, 19, 21 and 1 EEEET]
25 were cloned allcd—Xbd fragments, derived from plasmids
used forin vitro translation 24), into theNcd—Xbd sites of the B
baculovirus transfer vector pBacHTa (Gibco BRL). Recombinar

virus was produced for each of the above mutant clones using S 1 251315171818 21 7 8 10 11
Bac-to-Bac recombination system (Gibco BRL) following the fc - 2

manufacturer’s instructions. For large scale protein production, £ # = ° - PR S L

cells were grown under serum-free conditions (using SF900- 3§ - e R B :5
medium; Gibco BRL). Between 100 and 500 ml spinner culture  — s —
were infected with each mutant viral stock at a multiplicity o - -3
infection of 10. Cells were harvested 3 days post-infection. All t+ —
following manipulations were carried out &G4 Cell pellets were — 142

resuspended in 5 vol low salt buffer [10 mM HEPES, pH 7.¢
10mM KCI, 1.5 mM MgCl, 0.5 mM dithiothreitol (DTT)]
supplemented with protease inhibitors. Nonidet-P40 (N-P40) wa; _
. . . ure 1. UBF mutants.A) Structure of UBF mutants. xUBF, which is 701
gdded to a final Concentratlon,Of 1% ar?d the C_e" SUSpenS'Ogﬁino acids, comprises an N-terminal dimerization domain (shaded box), five
incubated end-over-end for 1 min, then briefly sonicated. The salimG boxes (open boxes) and a C-terminal acidic tail (solid box). The identity
concentration in the lysates was adjusted to 0.5 M with KCI. Aftebf each HMG box is denoted by a number within the box. The structure of each
Centrifugation at 25 000 r.p.m. for 2 h, cleared |ysates were app”éd]the deletion mutants used in this study is shown in diagrammatic form with
to a pre-equilibrated nickel column (Qia en) washed and the bou identity of the mutant shown on the left. The precise boundaries of each
p. q . gen), ’\%‘;Ietion are described elsewhere (2B). Coomassie stained SDS—PAGE of
protein was eluted in CB100 (25 mM HEPES, pH 7.9, 100 MMjgE muytants. Approximately fig full-length xUBF and each of the mutants
KCl, 0.2 mM EDTA, 1 mM DTT, 20% glycerol and protease used in this study was electrophoresed on a 10 % SDS—polyacrylamide gel
inhibitors) containing 200 mM immidazole and 5 mM DTT. stained with Coomassie blue. The size in kDa of molecular weight standards is
Fractions containing mutant UBF proteins were pooled anghown on the side of the gel. The identity of each mutant protein is shown on top.
subjected to ion exchange chromatography on BioRex 70 (Bio-
Rad). The column was eluted with a linear salt gradient of from 200 _ _ _
to 1000 mM KCI. Mutant UBFs typically eluted at between 500 antP4), into theNcd—BanHl sites of the bacterial expression vector
700 mM KCI. At this point, recombinant UBFs were on averag@ET11D (Novagen). These plasmids were transferred into the
90% pure as judged by Coomassie staining of a SDS—polyacrfscherichia coli strain BL21/DE3 plLys S (Novagen) for
amide gel (see FigA). Mutant proteins were dialysed against andexpression. Cultures (1.5 I) were grown &t@h L broth to an
stored at —7¢C in CB100. optical density at 600 nm of 0.5. After induction with 0.5 mM
isopropylf-p-thiogalactoside, cultures were grown for a further
1.5 h. Cells were harvested by centrifugation and cell pellets were
resuspended in 40 ml non-denaturing lysis buffer (10% glycerol,
Mutants 7 and 9 were constructed by clonbgd—-BanmHl 0.5 M NaCl, 0.1% N-P40, 10 mM Tris, pH 7.9, 5 mM DTT and
fragments, derived from plasmids used ifowitro translation  protease inhibitors). After repeated sonication on ice, extracts

Bacterial expression of truncated xUBF
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were clarified by centrifugation at 16 0G§ for 10 min.  of 400 ngll was coupled to tosyl-activated M-280 magnetic beads
Supernatants were loaded directly onto a 20 ml BioRex 70 igq®00 pg/coupling) following the manufacturer’s protocol (Dynal
exchange column (Bio-Rad). The column was eluted with a line&fK). Following coupling the beads were stored € 4 CB100

salt gradient of from 500 to 1000 mM KCI in column buffer.containing 0.5 mg/ml bovine serum albumin (BSA) (u)0

Mutants 7 and 9 eluted from this columna®0 mM KCI. Pooled In Rib1 interaction assays, 1Q0Rib1-containing fraction in
fractions were adjusted to 200 mM KCl with CB0 and then loade@B100 plus 0.1% BSA was incubated with @OUBF-linked

on a 5 ml HiTrap heparin column (Pharmacia). This column waseads. After incubation at € for 15 min with occassional gentle
then eluted with a 200-800 mM KCl linear gradient, with mutantsixing, the beads were removed using a Dynal MPC magnet and
7 and 9 eluting d@l600 mM KCI. Pooled fractions were dialysed repeatedly washed in CB100 plus BSAx(200ul). The beads

against CB100 and stored at =@0 were finally resuspended in CB100 plus BSA(§0In order to
The cloning, expression and purification of mutants 10 and liest for the presence of Ribl, transcription reactions were
have already been described (OG and ORB)n performed that contained either 7.5 or fib of this bead

For expression of the acidic C-terminus of XUBF as a GST—fusiuspension combined with 1@l heparin 0.4 M fraction
protein, aBglll-EcdRI fragment encoding amino acids 606—701 ofsupplemented with 200 ng recombinant full-length xUBF.
XUBF was excised from mutant K (describe@4i This fragment
was cloned into th&anH! and EcdRl sites of expression vector Rip1 interaction with GST—acidic tail fusion protein
pGEX 2TK (Pharmacia). GST and GST—acidic tail fusion proteins
were expressed and purified as described previdtigly ( GST alone and GST—-acidic tail fusion protein |igCach) were
bound to glutathione agarose beads(p(’hese beads were loaded
onto a mini-column. The column was then equilibrated with CB100.
Each column was then loaded with 308100 transcription extract.

The transcription templates used here, pGem40, pGems2 afier loading, the column was washed witk 250pl CB100 buffer
pGem40EX, have been described elsewtz®p pGem40 and @nd bound proteins were then eluted with CB600 ({50
pGem52 are promoter-only templates whose transcripts can Bgllowmg dialysis in CB100, each eluted fraction was tested for

Transcription assays

differentially detected using S1 nuclease protection. The templddol activity byin vitro transcription. Reactions contained {0
pGem40EX is based on pGem40 but includes sequences that e te combined with 1l heparin 0.4 M fraction.
upstream to —970 and include a single block of 60/81 bp repeats.

S100 transcription extracts in CB100 were prepared from tHRESULTS
Xenopus laevigell line XIK2 as described previously9). . L .
Immunodepletion of UBF from S100 extract has been describéd' oduction and purification of mutant UBF proteins

elsewhere 19,30). Immunodepletion removes all detectables100 extracts prepared frodenopusculture cells support
UBF, as judged by western blotting with anti-UBF antiserumyccurate and efficient transcription initiation by RNA pol I. A
(data not shown). In some experiments fractionated transcripti@fict dependence afenopusRNA pol | transcription on XUBF
extracts were employed. Heparin 0.4 M and Rib1 fractions ha¥gs been demonstrated both by fractionation of these transcription
been previously describett). The heparin 0.4 M fraction elutes extracts {524) and by immunodepletion of xUBF from
from heparin-Sepharose with 400 mM KCl and contains botfinfractionated extract€9,30). The amount of extract typically
RNA pol | activity and UBF. The Ribl fraction elutes from ysed in transcription reactions (@f) contains 5-10 ng XUBF.
heparin—Sepharose with 600 mM KCl and contains no detectalyghile this is sufficient xUBF for promoter function, enhancer
RNA pol | activity or UBF. function requires up to 400 ng XUBF per transcription a8y (

In transcription reactions, immunodepleted extractivas  previous studies have utilizéd vitro translation in a rabbit
combined with baculovirus or bacterially expressed UBF (ih 1 reticulocyte lysate to investigate UBF promoter functidh4).
volume) and incubated with template DNA (400 ng total) for 10 mitEnhancer function requires orders of magnitude more xUBF. This
on ice. Reactions were initiated by addition off@@ranscription  amount of UBF cannot be readily producedrbyitro translation.
buffer (25 mM HEPES, pH 7.9, 80 mM KCI, 12 mM MgCl  Therefore, we have chosen a combination of baculovirus and
10 mM creatine phosphate, 1 mM DTT, 1@@ml a-amanatin, bacterial expression systems to produce sufficient protein for a
1 mM nucleotide triphosphates) and incubation &C23he final  mutational analysis of UBF in enhancement.
reaction conditions were 25 mM HEPES, pH 7.9, 90 mM KCl, previously described UBF mutants, numbers 1, 13, 15, 17, 18,
6 mM MgCh, 10% glycerol, 1 mM DTT, 5 mM creatine phosphate,19, 21 and 2524) were transferred frorm vitro translation
50pg/mla-amanatin, 1 Uil RNasin (Promega), 0.5 mM NTPs and vectors into the transfer vector pFastBacHTa (Gibco BRL) for
10pg/ml template DNA. Reactions were allowed to proceed for 2 thaculoviral expression using the Bac-to-Bac system (Gibco
terminated and transcripts were detected using S1 nucleasRL). Mutant UBF proteins contain an N-terminal six histidine
protectionwith a probe prepared from pGem40 to detect transcriptag and were purified from infected Sf9 cells using nickel-agarose
from pGem40 and pGem40EX and a probe prepared from pGemfplowed by chromatography on BioRex 70 (see Materials and
to detect transcripts from that templai&)( Transcription signals  Methods for details).

were quantitated by phosphorimaging using a GS-525 MolecularThe principal limitation to producing full-length XUBF in

Imager (Bio-Rad). bacterial systems appears to be the presence of the acidic
C-terminus (G.J.Sullivan and B.McStay, unpublished observation).
Rib1 interaction with UBF-coated magnetic beads Therefore, we have utilized bacterial expression to produce

mutant proteins that lack this acidic tail. UBF mutants numbers
A 100pg aliquot of full-length xXUBF and mutants 1, 7, 9, 10, 11,7 and 9 24) were transferred froim vitro translation vectors into
18 and 21, in 0.1 M sodium phosphate (pH 7.4) at a concentratitive bacterial expression vector pET11D (Novagen). Mutant
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protein was purified by successive chromatography on BioRex 70 ng xUBF or

. - . i ng xUBF or
and HiTrap heparin. Two of the bacterially expressed mutant mutant protein mutant protein
proteins, numbers 10 and 11, were purified using nickel-agarose 9 5 10 50 400 05 10 50 400

as previously described?y). Mutant UBFs are depicted in
diagrammatic form in FigurdA and a Coomassie stained
SDS—polyacrylamide gel loaded with purified full-length xtUBF ~ WT 1 ] 18
and each of the UBF mutant proteins is presented in Fiure
<01 <01 =01 «.01

Promoter function of mutant UBFs

- 19 — @D

Experiments usinip vitro translated proteins have demonstrated
that the N-terminal dimerization domain and HMG boxes 1-3
present in XUBF are absolutely required for its function at the <1 <01 201 .08 AF A5 19 12
promoter £4,30). Deletion of the acidic C-terminus or HMG -

boxes 4 and 5 had only modest effects on promoter function. In

the above study it was calculated that between 2 and 5 ng UBF 25 A - =oi
were added per transcription assay. These results are at odds wi
similar experiments in the human system. Jang&teal (32) <01 <01 <01 <01 A1 .21 .83 115

reported that mutant hUBF proteins in which individual HMG
boxes 1, 2 or 4 had been deleted functioned in human RNA pol

| transcription. Even a hUBF mutant in which the dimerization 13 — 7 - -
domain was deleted functioned in transcription. We suspect thai
this discrepancy in results may be due to differences in the amoun 07 .14 68 .92 10 A7 .50 .61

of UBF used in the two studies. In order to explore this possibility

and to verify that mutant proteins produced in baculoviral and

bacterial systems behaved in a manner consistent with previou: 1s - - 9 - o
observations witln vitro translated material, each was tested for
promoter function at a range of input amounts (5-400 ng2Fig.
UBF immunodepletedXenopus extract supplemented with
mutant proteins was used in transcription reactions with the
promoter-only template pGem40. At a low input amount ., - 10
(5 ngltranscription reaction) the results presented in FRyare

in good agreement with prior studies in Kenopusystem 24).

At high input amounts the domain requirements for promoter
function are markedly different from those at lower inputs. Most
notably, there appears to be some relaxation of the requiremen
for HMG boxes 1, 2 and 3. We observe that HMG boxes 4 and 5
can compensate for deletion of HMG boxes 1, 2 or 3. This point
is illustrated by the following. At high input (400 ng), mutants
lacking HMG box 1 (mUta.‘nt 13) or 3 (mUtar.]t 15) function at 92Figure 2. Promoter assays. Transcription reactions containedl 2UBF-
or 60% efficiency respectively, compared with that of full-length gepleted extract, 400 ng template DNA (pGem40yl2Banscription buffer
XUBF. Mutant 17, lacking HMG boxes 2 and 3, functions at 87%and the amount of wild-type XUBF or mutant protein indicated. Transcription
efficiency. In contrast, mutants 10 and 11, lacking HMG boxessignals were quantitated using phosphorimaging. The transcription signal
3-5 and 2-5 respectively, are inactive at all input concentrationﬁjptamed with each mutant protein was calculated relative to that observed with
This compensatory ability of boxes 4 and 5 does not extend tfée same weight of wild-type XUBF (WT). This figure is shown under each
deletion of boxes 1-3, since mutant 18 is inactive at all input
amounts. These results, obtained with high inputs of mutant
protein, more closely reflect those in the human systénThus  sequences present in the centre of the dimerization domain have
the original reported differences in the behaviour of UBF in botheen deleted. This mutant retains dimerization actigiy, put
systems may be a function of the amount of UBF employed. here we show it is inactive in transcription at all input amounts

In summary, at low input amounts HMG boxes 1-3 are requirggig. 2). We interpret this result as showing that the dimerization
for promoter function of XUBF. At high input amounts, mutanidomain is responsible not just for dimerization but also for the
proteins that retain any three of the five HMG boxes present firecise positioning of HMG box 1 onto DNA.

XUBF are functional in promotion. The ability of HMG boxes 4

and 5 to compensate for deletion (_)f the other HMG boxes shoug, .\ -in requirements for enhancer function

not be surprising, since they can bind DNA,82). In agreement
with previous work, deletion of the acidic tail has a 5- to 10-foldlranscription extracts supplemented with high levels of baculo-

effect at low inputs but little or no effect at high inputs. There iwirus-produced xUBF support enhancer functi@f).( This is

a strong requirement for the dimerization domain at all inpulemonstrated here by the observation that an enhancer-
amounts (Fig2, mutant 1), although at the highest input amountontaining template, pGem40EX, out-competes a promoter-only
(400 ng) some promoter activity is observed. In mutant 25emplate, pGem52, by 100-fold when transcribed in

0412 31 60 05 .11 .44 .82

<01 .02 .25 .B7 <01 <01 .01 <01

n

<01 <01 <01 <01

action. The identity of each mutant is shown on the right.
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Addition XUBF {400ng) 7 (400ng) 9 [200ng) 13 (400ng) 15 [400ng) 17 (400ng) 19 (400nq) 21 [400ng)
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Enhancement 100 40 36 14 25 29 16 29
I | 1 T 1 T 1 r 1 1 I | | 1
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- - - B - - - - - - - - = 40 probe
I | | [ NN | (S [y S | W, S— S i S—  — { IS | S Dy S | M—
1 2 3 4 5 & 7 ] a 10 11 12 13 14

Figure 3. Enhancer assayA) Enhancer assays with mutants that function in promotion. Transcription reactions contgih&tBB-depleted extract, 400 ng
template DNA, 2Qul transcription buffer and the amount of xUBF or mutant protein indicated. Reactions 1, 3, 5, 7, 9, 11, 13 and 15 coegaineal@mmixture

of the templates pGem40 and pGem52. Reactions 2, 4, 6, 8, 10, 12, 14 and 16 contained an equimolar mixture of the tendfiBEdapEpGem52. Reactions
were probed for transcripts from each promoter type (indicated by an arrow on the right side of the gel). The fold enfecaiatedtas the ratio of signal between
pGem40EX and pGemb52) is shown above each set of reactions as appr&)riatbafcer assays with mutants lacking promoter function. Transcription reactions
contained 2@l xUBF-depleted extract, 400 ng template DNA,2@ranscription buffer and the amount of xXUBF or mutant protein indicated. Reactions 1 and 2
contained 5 ng xUBF, 3 and 4 contained 400 ng xUBF, 5-14 contained 400 ng mutant protein indicated in addition to 5 ngctidB$1R8, 5, 7, 9, 11 and 13
contained an equimolar mixture of the templates pGem40 and pGem52. Reactions 2, 4, 6, 8, 10, 12 and 14 contained atixéupaoittiae tamplates pGem40EX

and pGem52. The fold enhancement is shown above each set of reactions as appropriate.

UBF-depleted extract supplemented with 400ng baculovirdlexibility. This is demonstrated by the fact that mutant 10, with
XUBF (Fig.3A, reaction 2). Competing promoter-only templatesonly HMG boxes 1 and 2 present, supports enhancement
pGem40 and pGemb52 are transcribed with equal efficiency und@r4-fold; Fig.3B, reaction 12) and even mutant 11, with only a
the same conditions (FigA, reaction 1). single HMG box present, supports enhancement to a limited
Using this assay, mutant proteins were tested for enhanadegree (5-fold; Fig3B, reaction 14). It should be noted that
function in one of two ways. Mutants that function in promotiormutant 11, like mutant 1, appears to act as a partial dominant
(Fig. 2, mutants 7, 9, 13, 15, 17, 19 and 21) were tested faregative. The only HMG box deletion mutant that does not
enhancer function in the depleted extract in the complete abserigaction in enhancement is number 18, in which HMG boxes 1-3
of XUBF (Fig.3A). Mutants devoid of promoter activity, even at have been deleted (FigB, reaction 1Q)
high input levels (Fig2, mutants 1, 10, 11, 18 and 25), were tested In summary, this mutagenic analysis illustrates that the
for enhancer function in the presence of 5 ng xXUBF. This amoudbmains required for enhancer function fall entirely within those
of full-length xUBF is sufficient to support promoter function butthat are required for promoter function, but with a marked
does not support enhancer function to a significant deg&e ( increase in flexibility with respect to HMG box requirements.
(Fig. 3B, reactions 1 and 2). This increase in flexibility should not be surprising, given that a
Itis clear from these experiments that the domains within xUBHiverse array of repeated sequences derived frorXehepus
that are required for transcriptional enhancement overlap withtergenic spacer or that of the mouse ribosomal repeat can
those required for promoter function. As with promoter functionfunction in enhancemen$,8,29,33). This point will be further
the deletion or alteration of the N-terminal dimerization domaimddressed in the Discussion.
(mutants 1 and 25 respectively) disrupts enhancer functior8Bsig.
reactions 5-8). Mutant 1 also exhibits a dominant negative effegt;1 interacts with the acidic tail of UBF
on total transcription. Deletion of the acidic tail (mutant 7) has
little effect on enhancement (FBA, reactions 3 and 4). Deletion Previously we and others have observed protein—protein inter-
of individual HMG boxes 1, 3 or 4 (mutants 13, 15 and 19) resultsctions between UBF and Rib1 or its mammalian equivalent SL1
in mutant proteins that support 14-, 28- or 18-fold enhanceme(®6-28). Conceivably, this interaction could play an important
respectively (reactions 8, 10 and 14). Mutants deleted in HMG boxesle in either or both the enhancer and promoter functions of UBF.
2 and 3 or 4 and 5 (mutants 17 and 21) enhance 29- and 22-foldorder to determine the domain of UBF with which Ribl
respectively (reactions 12 and 16). A mutant deleted of boxes 4 antkracts, we have covalently coupled XUBF and a selection of
5 as well as the acidic tail (mutant 9) enhances 36-fold (reaction §BF mutants to tosyl-activated magnetic beads (M-280; Dynal
Although similar to that required for promoter function, theUK). A previously characterized Ribl-containing fraction that
HMG box requirement for enhancer function exhibits greateelutes from heparin—Sepharose at 600 mM KI&,Z7) was
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diluted to CB100. BSA was included as a non-specific competitdunction by increasing the likelihood of complex formation at a
protein. This fraction was then incubated with UBF-coated beadgromoter rather than by increasing the rate of transcription initiation
Following binding, the beads were washed repeatedly in CB10fbm that promoterd,29). The stable transcription complex on the
plus BSA and finally resuspended in the same buffer. In order Xenopugpromoter is minimally composed of UBF and Rifhb)(
determine if Rib1 had interacted with the beads, aliquots of tHEhus, in principal, enhancers could act by recruiting either or both
final bead suspension (7.5 or 1B were tested for their ability Ribl and UBF to the promoter. We have shown previously that
to complement a heparin 0.4 M fraction (dlpin a transcription  forms of UBF (hUBF 1 and 2) that cannot function at the promoter
reaction. This heparin 0.4 M fraction contains RNA pol | andetain enhancer functio29). Thus we concluded that enhancers do
UBF but no Rib115,27) (Fig.4A, compare lanes 1 and 2). Thesenot act by recruiting UBF for complex formation at the promoter.
reactions were further supplemented with full-length recombinamhstead, UBF has its own distinct role in enhancer function. This
XUBF (200 ng) in order to compete Rib1 from the beads and makenclusion is further strengthened by the work presented here. An
it available for transcription complex formation. Using this assay warray of UBF mutants that are severely impaired in promoter
clearly demonstrate the ability of Rib1 to specifically interact witifunction retain enhancer function. For example, XUBF mutants that
XUBF. Ribl activity is quantitatively recovered from xXUBF beadgetain only two or even a single HMG box retain some enhancer
but not from beads coated with BSA (compare reactions 3 andfdnction but are totally devoid of promoter function.
with 5 and 6). Mutant proteins that are deleted for the dimerization As enhancers do not act by recruiting UBF to the promoter, it
domain (mutant 1, lanes 7 and 8), HMG boxes 1-3, (mutant 18semed plausible that they act by recruiting Rib1. In accordance
lanes 9 and 10) and HMG boxes 4 and 5 (mutant 21, lanes 11 avith this notion, we previously demonstrated that Rib1 could
12) retain the ability to interact with Rib1. All the mutants proteinsnake protein—protein contacts with UBF both in soluti®r (
in which the acidic terminus has been deleted (mutants, 7, 9, 10 @l when UBF is bound to enhancer DN&)( With the work
11) have lost the ability to interact with Rib1 (lanes 13—-20). presented here, however, we can rule out Ribl recruitment by
To further demonstrate that the acidic tail of UBF is bottdirect protein—protein contact with enhancer-bound UBF as a
necessary and sufficient to specify UBF—Rib1 interactions, we haweodel for enhancer action. This is because we describe UBF
constructed a GST—acidic tail fusion protein. A column consistinghutants that uncouple Rib1 interaction and enhancer function.
of glutathione—agarose beads coated with GST-acidic tail fusiaie identify the acidic tail of UBF as the principal Rib1 interacting
protein or GST alone as a control was loaded with transcriptiamomain and show that UBF mutants in which these sequences
extract. The columns were repeatedly washed in CB100 and thesve been deleted retain both promoter and enhancer function.
bound proteins were eluted with CB600. After dialysis to CB100, We and others have previously proposed that Rib1 is recruited
the eluted fractions were tested for Ribl activity by compleat the promoter by the combined architectural and protein—protein
mentation of the heparin 0.4 M fraction in transcriptieactions  interaction abilities of UBF1(9,20,21,30). The results presented
(Fig. 4B). In this experiment we observe Rib1 activity binding tohere strongly suggest that the architectural role of UBF is
GST-acidic tail beads (lane 3) but not to GST beads (lane 2). Fratominant over its ability to interact with Rib1.
these experiments we conclude that the acidic tail present in XUBFThe question then remains, how do enhancers function if not by

is the major site of interaction with Rilir vitro. directly recruiting Rib1? We can envisage two possible mechanisms.
In the first mechanism, it is possible that the function of enhancer
DISCUSSION sequences is to inhibit the repressive effects of chromatin in a

UBF-dependent manner. Indeed, in mouseXambpusn vitro
RNA pol | enhancers function during assembly of a stableystems it has been demonstrated that UBF can function to
transcription complex on a linked promote?9), Enhancers overcome the repressive effects of adding histone B (
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Figure 4. Rib1 interaction with immobilized UBFA(| Rib1 binding to UBF-coated magnetic beads. Rib1 was incubated with Dynal beads coated with UBF, BSA
or mutant UBF protein, washed and resuspended as described in Materials and Methods. Transcription reactions were tiehgterfontaieed 10! heparin

0.4 M fraction, 200 ng baculovirus-produced xUBF and either 7.5 (lanes 3, 5, 7, 9, 11, 13, 15, 17, 19 and|2)anie$54, 6, 8, 10, 12, 14, 16, 18, 20 and 22)

of the final bead suspension (indicated above). As positive and negative controls the reactions shown in lanes 1 artiIDpbhigdaein 0.4 M fraction, 200 ng

xUBF and 1Qul starting Rib1 fraction or CB100 buffer respectiveB). Rib1 binding to GST—acidic tail fusion protein. GST and GST-acidic tail columns were loaded
with S100 transcription extract, washed and eluted as described in Materials and Methods. Subsequent transcriptiontegaetiochgicoeparin 0.4 M fraction, 200 ng
baculovirus-produced xUBF, 10 CB100 buffer (lane 1) and 10 eluate from a GST column (lane 2) or{d@luate from a GST-acidic tail column (lane 3).



Nucleic Acids Research, 1998, Vol. 26, No. 183561

G.J.Sullivan and B.McStay, unpublished observation). However, tiif RNA pol | transcription involving alterations in Rib1 affinity
timing of enhancer action observed biotitro andin vivoargues  that is not recapitulated in our vitro system.

strongly against such a model. We observe iinauiro system that
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